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ABSTRACT  
Engineering Adult-like Human Myocardium for Predictive Models of Cardiotoxicity and Disease  
Kacey M. Ronaldson 
Preclinical screening during the development of new drugs is poorly predictive and costly, creating a significant 
interest from pharmaceutical companies, government agencies, and the public in the development of better 
preclinical tests. To create more predictive organ models, human derived stem cells can be coupled with 
biomimetic tissue engineering approaches to create physiologically relevant functional subunits of each 
tissue/organ within the body. However, existing methods of generating cardiomyocytes (CMs) and cardiac tissues 
from human induced pluripotent stem cells (hiPSC) derived CMs (hiPS-CMs) are relatively immature and produce 
tissues that resemble that of a fetal heart at best. This limits their use in therapeutic development and thus, 
methods to overcome their immature phenotype are of high importance. In pursuit of this goal, this dissertation 
focuses on the role of biophysical stimuli in driving the functional maturation of hiPSC-CMs to engineer cardiac 
muscle of high biological fidelity. In an effort to recapitulate the hierarchical structure and functionality of native 
heart tissue, methods to pattern cells at the nano- and microscale levels were developed and optimized towards 
the functional assembly of cardiac tissues at the macroscale. To address the challenges currently associated 
with hiPS-CM immaturity, the decoupled effects of electrical and electromechanical stimulation in driving cardiac 
maturation were investigated. Subsequently, optimal electromechanical stimulation regimens were established. 
Daily intervals of high intensity electromechanical training were shown to upregulate cardiac functionality and 
energetics, and thus, enhance maturation. Combining these methods enabled the development of a custom 
bioreactor capable of generating larger, more functionally mature hiPS-CM tissues. Mimicking the developmental 
increases in cardiac beating frequency, exposure of the resulting tissues to a dynamic electromechanical intensity 
training regimen matured hiPS-CMs beyond levels currently demonstrated within the field. Specifically, the 
engineered tissues recapitulated many of the molecular, structural, and functional properties of adult human heart 
muscle, including well developed registers of sarcomeres, networks of T-tubules, calcium homeostasis, and a 
positive force-frequency relationship. The enhanced functionality of the resulting bio-engineered adult-like 






List of Figures and Illustrations ................................................................................................................... iii 
List of Tables ............................................................................................................................................... vi 
Definitions................................................................................................................................................... vii 
List of Acronyms ....................................................................................................................................... viii 
Acknowledgements ..................................................................................................................................... vii 
Dedication ..................................................................................................................................................... x 
Chapter I ....................................................................................................................................................... 1 
Introduction ............................................................................................................................................... 1 
Hypothesis............................................................................................................................................. 1 
Specific Aims ........................................................................................................................................ 2 
Chapter II ...................................................................................................................................................... 7 
Background and Current Approaches ....................................................................................................... 7 
Human Induced Pluripotent Stem-Cell Derived Cardiomyocytes ........................................................ 9 
Immaturity of Human Stem-Cell Derived Cardiomyocytes ............................................................... 10 
Role of Biophysical Cues in Cardiac Tissue Development ................................................................ 12 
Role of Biomimetic Stimuli  in Cardiac Tissue Maturation................................................................ 14 
Current Approaches – Bioreactor Studies of Engineered Cardiac Tissue .......................................... 17 
Current challenges within cardiac tissue engineering ......................................................................... 21 
Chapter III ................................................................................................................................................... 26 
Goals, Rationale, and Methodology ........................................................................................................ 26 
Aim 1 - Patterning a functional hierarchy of biophysical cues at the nano, micro, and macroscale 
levels to direct cell fate ....................................................................................................................... 26 
Aim 2 - Using biophysical stimuli to drive functional cardiac maturation ......................................... 27 
Aim 3 - Engineering adult-like cardiac muscle via intensity training for predictive screening of 
cardiotoxicity and personalized models of disease ............................................................................. 28 
Chapter IV ................................................................................................................................................... 41 
Patterning a functional hierarchy of biophysical cues at the nano, micro, and macro level to control 
tissue assembly........................................................................................................................................ 41 
4.1 Investigating the biophysical cues controlling morphogenesis by nanopatterning biomolecules to 
direct stem cell fate ............................................................................................................................. 42 
4.3 Patterning geometric and topographical environmental cues at the nano and microscale levels to 
direct cardiac morphogenesis and functional signal propagation. ...................................................... 63 
4.4 Micro-scale patterning of cells to study intrinsic cellular responses to geometrically imposed cues




4.6. Macroscale Patterning of a 3D environment to biomimetically impose geometrical biophysical 
cues that direct intrinsic cellular chirality characteristic of cardiac development ............................ 110 
4.7 Online electrophysiological cardiotoxicity screening platform for prediction of cardiac 
arrhythmia ......................................................................................................................................... 126 
Chapter V .................................................................................................................................................. 138 
The Role of Biophysical Stimuli in the Functional Maturation of Engineered Human Cardiac Tissues
 .............................................................................................................................................................. 138 
5.1 Uncoupling the role of electrical and electromechanical conditioning in driving cardiomyocyte 
maturation ......................................................................................................................................... 139 
5.2 Mimicking Fitness Regimens to Mature Human Cardiac Muscle via Interval Training ............ 144 
Chapter VI ................................................................................................................................................. 158 
Engineering adult-like human cardiac tissue via intensity training for predictive cardiotoxicity and 
disease modeling ................................................................................................................................... 158 
6.1 Optimal Bioreactor Design For Biomimetic 3D Cardiac Tissue Formation ............................... 159 
6.2 Engineering Adult-like Human Cardiac Muscle via Intensity Training ..................................... 168 
6.3 Engineered Cardiac Microphysiological System for Predictive Cardiotoxicity Screening ........ 183 
6.4 Development of physiologically relevant models of disease ...................................................... 188 
6.5 Integration of Liver Microphysiological System: Cardiotoxicity of Drug Metabolites .............. 197 
Chapter VII ............................................................................................................................................... 202 
Summary and future directions ............................................................................................................. 202 
Future Work ...................................................................................................................................... 208 
References ................................................................................................................................................. 211 
Appendix  .................................................................................................................................................. 217 
    Publications and Presentations Related to the Thesis ........................................................................... 217 
    Peer Reviewed Publications .............................................................................................................. 217 
    Conference Presentations and Posters ............................................................................................... 217 
    Book Chapters ................................................................................................................................... 218 





  LIST OF FIGURES AND ILLUSTRATIONS 
Figure 1. Mechanism behind calcium induced calcium release driving excitation-contraction 
coupling......................................................................................................................................... 11 
Figure 2. Hierarchical architecture of cardiac tissues ................................................................... 13 
Figure 3. Biomimetic bioreactor designs for cardiac tissue engineering ...................................... 16 
Figure 4. Bioengineered approaches to myocardial regeneration ................................................. 21 
Figure 5. Bioengineering cardiac maturation enables effective tissue engineered approaches to 
myocardial regeneration................................................................................................................ 24 
Figure 6. Cell pathways triggered by nanopatterned ECM structures .......................................... 43 
Figure 7. Detailed synthetic route of functional BCPs for self-assembly of nanopatterns ........... 45 
Figure 8. Controlling stem cell fate via nanopatterned peptides .................................................. 46 
Figure 9. Characterization of hMSC attachment on RGD and RGE functionalized nanopatterns 
over time ....................................................................................................................................... 47 
Figure 10. Cells cultured on PS grew on the substrate mediated by nonspecific adhesion .......... 48 
Figure 11. Patterning nanoscale enviroments ............................................................................... 51 
Figure 12. Hierarchical patterning ................................................................................................ 53 
Figure 13. Morphology of thin film nanopatterns ........................................................................ 55 
Figure 14. Protocol for micropatterning of thin films................................................................... 55 
Figure 15. Fabrication for hierarchical patterns of P(S-co-BrS)-b-PEO-biotin ............................ 56 
Figure 16. Mixed morphologies of thin films of P(S-co-BrS)-b-PEO-biotin may be obtained by 
omitting a dichloromethane wash after irradiation and altering solvent annealing and irradiation 
conditions ...................................................................................................................................... 58 
Figure 17. Immunofluorescent images of hierarchical patterned cells ......................................... 59 
Figure 18. Microscopy images of hMSCs on hierarchical patterns on glass ................................ 60 
Figure 19. Microscopy images of hMSCs on hierarchical patterns on gold/Ti/glass passivated 
with EG3 ....................................................................................................................................... 60 
Figure 20. Patterning of human stem cells .................................................................................... 61 
Figure 21. Additional confocal images of hMSCs on hierarchical patterns of P(S-co-BrS)-b-
PEO-biotin .................................................................................................................................... 62 
Figure 22. Controlling biophysical cues at the nanoscale level .................................................... 66 
Figure 23. Neonatal rat CMs on nanopatterned PDMS pillars ..................................................... 67 
Figure 24. Synchronicity of calcium transients ............................................................................ 70 
Figure 25. Analysis of calcium fluxes of rat neonatal cardiomyocytes cultured on 1um diameter 
PDMS pillars ................................................................................................................................. 71 
Figure 25. Mouse myoblasts (C2C12) show distinct left-right asymmetric orientations on 
patterned surfaces.......................................................................................................................... 76 
Figure 26. Left-right asymmetry on patterned substrates depends on cell phenotype.................. 77 
Figure 27. Left-right asymmetry on patterned rings is established over time by mechanisms 
involving boundary effects but not gravity or cell contact. .......................................................... 79 
Figure 28. Effects of drugs blocking the actomyosin motor ......................................................... 83 
Figure 29. Two models for the initiation of left-right asymmetry in embryo development ......... 89 
Figure 30. Bias of single cell polarity ........................................................................................... 92 
Figure 31. Left-right asymmetry on micropatterned surfaces ...................................................... 93 
Figure 32. Propagation of cell chirality with loss of geometric control ....................................... 95 




Figure 34: Box plot of cell angle as a function of phenotype ..................................................... 101 
Figure 35: Multiple comparison using the Bonferroni method comparing cell angle as a function 
of phenotype shows distinct grouping across the phenotypes .................................................... 102 
Figure 36: Timelapse analysis of chirality across a single ring .................................................. 104 
Figure 37: Box plot of cumulative ring chirality across experiments for the C2C12 cell line 
shows that most experiments resulted in the expected CCW polarization for this cell type. ..... 105 
Figure 38: Multiple comparison using the Bonferroni method comparing cumulative ring 
chirality as a function of experiment for the C2C12 cell phenotype shows that most of the 
experiments likely originated from the same distribution .......................................................... 106 
Figure 39: Box plot of cumulative ring chirality as measured by mean chirality score across cell 
phenotypes shows distinct chirality as a function of phenotype ................................................. 108 
Figure 40: Multiple comparison using the Bonferroni method comparing cumulative ring 
chirality as measured by mean chirality score as a function of cell phenotype shows two distinct 
groups .......................................................................................................................................... 109 
Figure 41. Micropatterning 3D geometrical cell culture environments for the establishment of 
chirality ....................................................................................................................................... 113 
Figure 42. The 3D micropatterned environment can be utilized for various geometries ........... 113 
Figure 43. How cells position themselves with respect to boundaries in 3D. ............................ 114 
Figure 44. Analysis of chirality in 3D. ....................................................................................... 117 
Figure 45 Distribution of Cell Chirality within a single well. .................................................... 118 
Figure 46. Establishment of 3D chirality over time .................................................................... 119 
Figure 47. Overall 3D Cell Chirality for C2C12 cells ................................................................ 119 
Figure 48. Overall angle distribution for C2C12 and 3t3 cells ................................................... 120 
Figure 49. Overall angle distribution for hUVEC cells .............................................................. 121 
Figure 50. 3D alignment of actin myofilaments and nuclei ........................................................ 124 
Figure 51  Mean chirality score of C2C12 ring data plotted in response to Jaspolinkinade and 
Latrunculin A drug concentrations ............................................................................................. 125 
Figure 52. MEA platform overview............................................................................................ 131 
Figure 53 Custom MEA geometrical patterns ............................................................................ 132 
Figure 54. Cardiotoxicity within custom micropatterned MEA geometries............................... 134 
Figure 55 Calcium signal propagation within linearly micropatterned populations of NRVMs 135 
Figure 56. Electrical signal propagation of NRVMs micropatterned in ring geometries ........... 136 
Figure 57. Electrical signalopagation of NRVMs micropatterned in linear geometries............. 137 
Figure 58. EB formation and electrical stimulation .................................................................... 141 
Figure 59 Beat frequency as a function of electrical vs electromechanical stimulation. ............ 142 
Figure 60.  Standard deviation of the contractile motion vector. ................................................ 142 
Figure 61. Relaxation as a function of electrical vs electromechanical stimulation. .................. 143 
Figure 62. Frequency dependent acceleration of relaxation ....................................................... 144 
Figure 76. 3D tissue formation ................................................................................................... 165 
Figure 77: Maturation and functional responses of cardiac microtissues over time................... 167 
Figure 78. Cardiac differentiation of hiPSC’s. ........................................................................... 169 
Figure 79. Experimental design .................................................................................................. 170 
Figure 80. Intensity Training Drives BEAM Maturation ........................................................... 171 
Figure 81. Enhanced maturation and functionality of BEAM’s in response to training regimen as 
a function of time. ....................................................................................................................... 172 




Figure 84: Positive force frequency relationship via intensity training ...................................... 176 
Figure 85. Increased SR functionality, capacity, and calcium handling as a function of Intensity 
Training over time....................................................................................................................... 178 
Figure 86. Intensity Training Enhances Genetic and Ultrastructural Expression within BEAMs.
..................................................................................................................................................... 180 
Figure 87 Increased SR functionality, capacity, and calcium handling as a function of Intensity 
Training over time....................................................................................................................... 181 
Figure 88. TEM Images of Intensity Trained BEAMs. .............................................................. 182 
Figure 89. Intensity Training Enables Predictive Cardiotoxicity Screening .............................. 185 
Figure 90. Cardiac Hypertrophy Model ...................................................................................... 189 
Figure 91. Cardiac Inflammation Model .................................................................................... 191 
Figure 92. Physiologically Relevant Timothy Syndrome Disease Model .................................. 193 
Figure 93. Abnormal Calcium Handling within Timothy Syndrome BEAM Model ................. 195 





LIST OF TABLES 
 
Table 1: Results of one sample non-parametric Single Sample Kolmogorov-Smirnov Test. ...... 99 
Table 2: Results of one sample non-parametric Wilcoxon Two-Tailed Signed Rank test. ........ 100 
Table 3: Results of One-Way Kruskal-Wallis Analysis of Ranks for cell angle across phenotypes
................................................................................................................................................. 100 
Table 4: Values given to each ring chirality type for global ring analyses. ................................ 103 
Table 5: Results of One-Way Kruskal-Wallis Analysis of Ranks for cumulative cell angle across 
rings for the C2C12 phenotype. .............................................................................................. 106 
Table 6: Results of One-Way Kruskal-Wallis Analysis of Ranks for cumulative ring chirality as 
measured by mean chirality score across rings for all cell phenotypes. ................................. 108 
Table 7. Experimental Design Parameters for Cardiac Interval Training. ................................. 147 
Table 8. Functional characteristics of human engineered cardiac tissues as reported by other 
groups. ..................................................................................................................................... 177 







Ca2+ -induced Ca2+ response (CICR): The intracellular events responsible for initiating CM 
contraction as detailed by the influx of Ca2+ through the L-type Ca channels which subsequently 
stimulate the Ryanodine receptor to further release Ca2+ stored in the sarcoplasmic reticulum, 
ultimately resulting in myofilament contraction.  
 
Detraining: The period of time when electrical stimulation is completely stopped that follows 
after a period of exposure to either the constant or intensity training regimens.  
 
Excitation Threshold (ET): The required voltage necessary to synchronize contractions. 
 
Fractional shortening: A measure of the degree of cell shortening defined by the decrease in CM 
length, as it transitions from a relaxed state to a contracted state, normalized to the length of the 
CM in the relaxed state. Within the BEAMs, this was experimentally determined by analyzing the 
change in area of the tissues, through custom MATLAB code which utilizes video edge-detection 
based on the contrast between the darker tissue and the lighter surrounding area.  
 
Full-Width Half Max (FWHM): A measurement of the contraction-relaxation rate, detailed by 
the time between the calcium concentration transient value halfway through the contraction and 
the value halfway through the relaxation period.  
. 
Intracellular calcium concentration ([Ca2+]i) transient: The changes in cytosolic Ca2+ during 
a contraction and relaxation cycle within the CM, as measured by imaging the intracellular Ca2+ 
levels with a commercial calcium indicator (Fura4-NW),  and detailed by the increase and decay 
of the resulting fluorescently labelled Ca2+ responsible for the resulting contractile events.  
 
Maximum Capture Rate (MCR): The maximum frequency in which 70% of the cells can 
synchronously contract at. 
 
Myofilament Ca2+ sensitivity: A measurement of the resulting myofilament contractile response 
to intracellular Ca2+ levels within the CM, determined experimentally through the use of a 
commercial organ bath system where BEAMs were mounted on force transducers, enabling the 
measurement of an EC50 value from the changes in force in response to increased amounts of 
extracellular calcium. Additionally, this was also measured indirectly by the ratio of fractional 
shortening and the peak amplitude of the intracellular calcium concentration transient. 
 
Sarcomere Length: The average distance between Z-discs. 
 
Twitch Tension: measured by adding increased concentrations of calcium to the external media 
of a commercial organ bath system containing the BEAM during constant stimulation at 2 Hz. As 
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Current preclinical models used for drug toxicity and efficacy screening have limited 
predictive power [1, 2]. The consequences include lengthy drug development timelines, high costs, 
and the occurrence of adverse side effects in patients during clinical trials and post-marketing.  The 
twin incentives of economics and patient health have recently spurred government funding 
agencies and major pharmaceutical companies to sponsor new initiatives aimed at the development 
of more predictive preclinical screening tests power [1, 2]. In response to disparities in results 
between small animal studies and human clinical trials [3-5], there have been attempts to 
recapitulate normal human physiology and pathology in vitro using human cells [5, 6]. However, 
existing methods of generating cardiomyocytes (CM’s) and cardiac tissues from human induced 
pluripotent stem cells (hiPSC) derived CMs (hiPS-CMs) are relatively immature and resemble that 
of a fetal heart at best. This limits their use in therapeutic development and thus, methods to 
overcome their immature phenotype are of high importance.  
 The full complexity of the mechanisms responsible for cardiac morphogenesis, calcium 
handling, and maturation are not yet well understood. In spite of major advances, most cell culture 
systems lack the structural and signaling features of the native heart tissue [6, 7]. These include 
the temporal and spatial sequences of molecular and physical regulatory factors, and the dynamic 
forces provided in-vivo. In an effort to create more predictive organ models, patient-specific stem 
cells can be phenotypically matured and engineered into a biomimetic tissue that recapitulates the 
minimal functions of the intended organ, including their responses to chemical entities. 
HYPOTHESIS 
Therefore, the proposed hypothesis is that bioreactors engineered to deliver appropriate 
biophysical cues can enable the development of physiologically relevant myocardium for 






This dissertation aims at the use of biomimetic stimuli to study and direct multiple facets 
of cardiac maturation, critical to success of engineering physiologically relevant human cardiac 
tissue. The specific aims are divided based on their hierarchical contribution to the development 
of predictive cardiac microphysiological systems capable of modeling cardiotoxicity and disease.  
 
Aim 1: Patterning a functional hierarchy of biophysical cues at the nano-, micro- and 
macroscale levels to direct cell fate  
The hierarchical integration of biophysical cues involved in cardiac development, 
maturation, and overall functionality is expected to similarly promote the development and 
functional maturation of hiPS-CM’s towards a more adult phenotype. Environmental cues 
typically observed in healthy heart tissue, and most importantly cell-cell and cell-matrix 
interactions, are disrupted during disease [8]. Therefore, in order to replace this damaged tissue, 
we must recreate these signals necessary to effectively direct cell and tissue development. 
Specifically, we expect that control of the hierarchical levels will synergistically yield: a nanoscale 
environment that directs morphogenesis by controlling the cell-extracellular matrix (ECM) 
interactions through focal adhesion formation; a microscale environment that controls cell-cell 
interactions necessary to form an electromechanical syncytium critical of cardiac tissue; and a 
macroscale environment that incorporates these cues to guide the tissue level assembly of a 
functional myocardial tissue. Such a biomimetic approach to building cardiac tissue from the 
bottom up will increase its ability to effectively couple with the native myocardium, thereby 
providing a better treatment option to regenerate diseased myocardium.  Within this aim, we will 
discuss the methods we subsequently developed to precisely define and control the cell culture 
environment at the nano-, micro-, and macroscale to guide the functional assembly of cells into 





Aim 2: Biomimetic delivery of electromechanical stimuli to functionally mature hiPS-CMs  
Currently, methods for generating cardiac cells from hiPS cells result in neonatal 
phenotypes at best. Therefore this specific aim was to establish protocols for maturing iPS-CMs 
in vitro. Simultaneous application of electrical and mechanical stimulation enable a more 
biomimetic approach to hiPS-CM maturation. CMs are constantly exposed to both electrical 
signals, necessary to initiate cardiac contraction, and mechanical stimulation, necessary to pump 
blood as a result of cardiac contraction, in-vivo and thus, it is critical to investigate the role of 
biophysical stimuli when instructing CM development towards more physiologically relevant 
phenotypes. Electrical stimulation functions to both initiate and synchronize CM contraction 
within both single and multicellular CM organizations. Electrical pacing regimens, such as those 
utilized within this study, are hypothesized to function synergistically with mechanical stimulation 
through the activation of contractile forces intrinsic to CM functionality. This electromechanical 
stimulation increases intracellular [Ca2+], thereby initiating the calcium-induced calcium release 
(CICR) and enabling the development of proper EC coupling within microtissues. Thus, the 
establishment of functional calcium handling mechanisms will enable the enhanced maturation of 
hiPS-CMs. 
 
Aim 3: Engineering adult-like human cardiac tissue via electromechanical intensity 
training for predictive cardiotoxicity screening and modeling of disease 
Methods for generating 3D cardiac tissues from hiPS cells result in immature phenotypes 
lacking the necessary positive force-frequency relationship characteristic of adult human cardiac 
tissue. Thus, engineered in-vitro cardiac tissues are unable to correctly predict in-vivo cardiac 
events, such as those resulting from drug exposure or disease. Therefore this specific aim was to 
establish protocols for maturing 3D hiPS cardiac microtissues in culture. We aim to determine 
the ideal electromechanical conditioning regimen necessary for producing mature and 




knowledge of hiPS-CM development and maturation so that future approaches can be optimized 
to produce cardiac microtissues that overcome the current limitations associated with their use in 
predicting in-vivo cardiac responses. The use of human iPS cells in particular, enables the 
innovative development of personalized treatment regimens for individuals, subpopulations, and 
disease conditions previously unattainable [3]. Specifically, cardiac µtissues can be generated 
from human iPS cells and differentiated towards a cardiomyocyte (CM) lineage in a manner that, 
due to recent advances in stem cell differentiation protocols, previously was not viable. The 
prospect of personalized disease models developed specifically through the use of patient-
derived iPSCs is especially intriguing, and drives much of the research and innovation in this 
area [7-10].   
Overall, cardiac tissues were generated from human iPS cells and differentiated towards a 
cardiomyocyte (CM) lineage in a manner that, due to recent advances in stem cell differentiation 
protocols, were previously not viable. To address the resulting immaturity of hiPS-CMs that are 
characteristically neonatal in phenotype, further methods of functionally maturation were 
developed to generate physiologically relevant adult-like hiPS-CMs. The resulting development 
of predictive physiologically relevant in-vitro cardiac prescreening models have the potential to 
accelerate the translation of drug discovery into effective therapeutic options at less risk to both 
patients and manufacturers. Additionally, the establishment of pathological and personalized 
models of disease enables the physiologically relevant screening of cardiotoxic drugs in 
unprecedented ways.  
 




In Chapter 1 we introduce the fundamental properties of human cardiac tissue and establish 
the need for methods to develop mature human cardiac tissue in-vitro. 
In Chapter 2 we discuss the role of biophysical stimuli in driving cardiomyocyte 
maturation, including current limitations and efforts to engineer physiologically relevant cardiac 
tissues. 
In Chapter 3 we discuss the goals of this thesis and the methods utilized to achieve these 
goals. 
In Chapter 4 we discuss in-vitro methods developed to recapitulate the hierarchy of 
biophysical cues responsible for cardiac morphogenesis at the nano, micro, and macro scale levels. 
A variety of methods were developed to pattern the interrelated cellular, geometrical, molecular, 
and topographical interactions responsible for driving stem cell fate and the assembly of hiPS-
CM’s into physiologically relevant structures. These results enabled the development of a 2D 
micropatterned platform for continuous measurements of signal propagation and cardiotoxicity 
over time. 
In Chapter 5 we discuss methods developed to address the challenges associated with the 
immature phenotype characteristic of hiPS-CMs. To determine the various roles of biophysical 
stimuli in driving functional hiPS-CM maturation we studied the decoupled effects of electrical 
and electromechanical stimulation. We then applied these results towards the development of 
optimal electromechanical stimulation regimens by investigating the role of intensity dependent 
interval training regimens on enhancing cardiac functionality, energetics, and thus, maturation.  
In Chapter 6 we discuss the application of the developed methods to develop functionally 
mature cardiac tissues with an adult-like phenotype via electromechanical intensity training 
regimens. The enhanced physiological relevance of the resulting tissues enabled the demonstration 
of the potential uses of hiPS-CMs as an effective prescreening tool for predicting human cardiac 
toxicity and efficacy, as demonstrated my mimicking the responses of well-characterized drugs. 




physiologically relevant and personalized cardiac disease models previously unattainable. This 






BACKGROUND AND CURRENT APPROACHES 
The burden of cardiovascular disease (CVD) - the leading cause of death worldwide -
continues to grow, and the treatment modalities remain limited [1, 2]. The fundamental problem 
is in the minimal ability of the heart to regenerate itself following massive loss of cells to injury 
or disease. The diseased tissue or the collagenous scar forming upon myocardial infarction provide 
poor support to the pumping function of the heart due to the structural and electromechanical 
mismatch with the surrounding myocardium. For a failing heart, the only definitive therapy is heart 
transplantation, with is in turn limited by low supply of matching hearts for the continually 
increasing number of patients in need. As a result, there is a pressing need for developing effective 
methods for regenerating damaged myocardium.  
Over the past several decades, biological, bioengineering and clinical studies have explored 
novel approaches to replenish and repair the lost myocardial function using various modalities for 
delivering cells, biomaterials, cocktails of factors, and bioengineered cardiac tissues [3-5, 9, 10]. 
Collectively, past and ongoing studies suggest that cell and tissue based therapies can improve 
heart function by promoting vascularization of damaged tissue or by regenerating the heart muscle, 
or both. While these studies have advanced our understanding of the progression of heart disease 
and heart regeneration, the actual mechanisms responsible for cardiac cell and tissue formation, 
signaling, and maturation are only partly known. As a result, current protocols for deriving 
cardiomyocytes (CMs) from human stem cells by staged molecular induction yield phenotypically 
immature cells. Likewise, most cardiac tissues engineered in vitro lack the structural anisotropy, 




approaches are just starting to show success with functional maturation of iPS-CMs [11] and their 
use in myocardial regeneration [12].   
Interestingly, the quest for cell therapy for heart regeneration started over a century ago 
[13]. In their seminal work, Chiu and colleagues injected skeletal muscle satellite cells into the 
dog heart subjected to myocardial injury [14]. Although, these experiments didn’t show much 
improvement in cardiac functionality, they established an entirely new paradigm for cardiac 
regeneration. Also, engineering of cardiac tissue started long before the term “tissue engineering” 
was coined. The first documented effort was in the 1950s by Moscona and colleagues [15], who 
formed compact aggregates of chick heart cells in an Erlenmeyer flask under continuous gyration. 
These three-dimensional (3D) aggregates captured the functionality of the cardiac tissue more 
closely than any two-dimensional (2D) cell culture. Although this new approach failed to faithfully 
represent the anisotropic structural and functional properties of native heart muscle, it was a 
significant improvement over all culture methods available at that time. 
Since then, there have been numerous efforts to recreate muscle architecture at different 
length scales. Parker and colleagues showed that physical constraints can be exploited to control 
heart tissue architecture at the microscale [16]. To this end, neonatal rat cardiomyocytes were 
aligned by attachment to the patterned strips of fibronectin, towards the formation of 2D structures 
that captured some features of the heart muscle. Mechanical loading, a factor crucial for heart 
development, was also shown to control the orientation of the cardiomyocytes and the 
microarchitecture of engineered cardiac tissue. In pioneering studies, Vandenburgh developed a 
very simple method for applying passive stretch on skeletal or cardiac myocytes encapsulated in 
hydrogel, and showed that mechanical stimulation promoted cell alignment [17]. Shortly after, 




myocytes to form heart tissue. They cultured neonatal rat cardiomyocytes in collagen gels between 
two Velcro pieces and managed to form spontaneously contracting, well aligned tissues [18]. In 
parallel studies, Vunjak-Novakovic and colleagues enhanced the development of 
electromechanical function in engineered cardiac tissues, recapitulating excitation-contraction 
coupling that orchestrates the contractile function of the native heart [19]. In these studies, 
synchronous contractions of engineered tissues were induced by supra-threshold electrical signals. 
Over only one week of culture, the engineered tissue developed markedly improved morphology, 
striated ultrastructure, contractile function, and expression of molecular markers. 
Today, the challenging task of engineering physiologically relevant cardiac tissues in-vitro 
is being tackled on three fronts: (i) Replicating the hierarchical structure of cardiac tissue in-vitro; 
(ii) Functionally maturing the cells towards adult-like phenotypes; and (iii) Developing methods 
for predicting cardiotoxic events using engineered cardiac tissues within microphysiological 
systems.  
HUMAN INDUCED PLURIPOTENT STEM-CELL DERIVED CARDIOMYOCYTES 
To overcome the disparity related to the use of animal models in modeling and predicting 
human responses in vivo, stem cells can be coupled with biomimetic tissue engineering approaches 
to create physiologically relevant functional subunits of each tissue/organ within the body. The 
use of human iPS cells in particular, enables the innovative development of personalized treatment 
regimens for individuals, subpopulations, and disease conditions previously unattainable [3]. 
Specifically, cardiac microtissues can be generated from human iPS cells and differentiated 
towards a CM lineage in a manner that has only become viable recently due to recent advances in 
stem cell differentiation protocols. As these resulting hiPS-CMs are characteristically neonatal in 




The use of bioreactors has proven capable of delivering multiple stimuli, and thus, can be utilized 
to recreate developmental conditions that enhance cardiac cell and tissue maturation [4]. These 
methods will enable the development of a physiologically relevant cardiac microtissue platform, 
capable of predicting cardiotoxicity and modeling cardiac disease in unprecedented ways.  
With the emergence of pluripotent stem cells, cardiac tissue engineering and cell therapy 
have become major focuses of research. However, initially differentiated cells are immature, and 
thus, remain largely unable to meet the field’s demands or reach their full potential for 
incorporation into therapeutic development overall. Consequently, the realization of the 
advantages associated with the incorporation of physiologically relevant biophysical cues into 
cardiac tissue engineering approaches will facilitate the development of methods to address these 
limitations. This need has been the driving force behind the development of biomimetic 
approaches for functionally engineering mature cardiac tissues.  
IMMATURITY OF HUMAN STEM-CELL DERIVED CARDIOMYOCYTES 
Over the past 40 years in the US, cardiovascular safety in particular has been the leading 
cause for drug withdrawal at every phase of drug development, from drug discovery through 
postmarket surveillance [11].  One barrier for the development of iPSC-CM-based assays is the 
immaturity of the resulting cardiac phenotype. Current methods for generating hiPS derived CMs 
yield cardiac cells and tissues that are relatively immature and resemble that of a fetal heart at best. 
This limits their use in therapeutic treatments of cardiac disease and thus methods to overcome 
these limitations are of high importance. Several groups have investigated methods for maturing 
CMs in culture with limited success. Often, hiPS-CMs are characterized as “early-stage” or “late-
stage”. Comparisons of the phenotypes between these two stages reveal enhanced maturation 




CM-like characteristics, such as mature excitation-contraction coupling (which requires the 
presence of extensive t-tubule networks) and calcium handling (defined by the presence of a 
positive force frequency relationship), have been notably absent in the literature [12, 13].   
Excitation-Contraction Coupling 
The cardiac contraction results in response to the electrical depolarization of the CM 
membrane which opens L-type calcium channels (LTCC), allowing Ca2+ to enter the cell. This 
triggers the release of more Ca2+ from the sarcoplasmic reticulum (SR), a process known as 
calcium induced calcium release (CICR). The internal Ca2+ then attaches to the myofilaments to 
elicit the contractile response. Overall, the process is known as excitation-contraction coupling 
(ECC) (Figure 1). 
 
 






Calcium handling and homeostasis are the key regulators of ECC within cardiac tissues 
and thus, these properties are necessary for functional maturation. The development of a functional 
SR enables proper Ca2+ storage and release/uptake kinetics. The key proteins associated with 
proper calcium handling include sarcoplasmic reticulum calcium-ATPase type 2a (SERCA2a) and 
ryanodine receptor-2 (RyR2). The SERCA2a functions to actively reuptake Ca2+ from the cytosol 
into the SR during diastole. It is expected that the immature Ca2+ handling associated with hiPS-
CMs is due to SERCA2a underdevelopment. This immaturity can directly lead to proarrythmic 
conditions and thus, are unreliable as a source for myocardial regeneration through current 
techniques. Functional maturation towards more mature Ca2+ handling profiles have been reported 
in several studies through the use of electromechanical stimulation within bioreactors. However, 
the lack of t-tubules in hiPS-CMs, necessary for colocalization of LTCC’s and RyR’s, may explain 
the lack of mature Ca2+ handling currently described within the field.  
ROLE OF BIOPHYSICAL CUES IN CARDIAC TISSUE DEVELOPMENT 
There have been numerous efforts to recreate the complexity found within the cardiac 
tissue architecture at different length scales. At the nanoscale level, the imposition of geometric 
and topological cues can guide the formation of functional gap junctions, ultimately creating an 
electromechanically coupled tissue capable of synchronously propagating electrical impulses. At 
the microscale level, CMs can be anisotropically aligned to enable the proper EC coupling between 
cells on a global level. The imposition of electromechanical stimulation on macroscale cardiac 
tissues yields electrically coupled and aligned tissues at the nano- and microscale levels. This 
further upregulates the development of cardiac contractile machinery in response to subsequent 




centimeter scale, the cardiac tissue must generate more efficient energetics to meet the increased 
metabolic demands of maturing cardiac tissue 
Nano- and microfabrication technologies can be used to investigate the cues that control 
cell-cell interactions, responsible for forming the electromechanical syncytium critical of cardiac 
tissue, and cell-ECM interactions, responsible for directing stem cell differentiation and 
controlling cell-substrate compatibility. By studying these cues at both the 2D and the more 
physiologically relevant 3D level, we can relate the influence of these signals from the single cell 
level to the multicellular level, as well as to the more significant tissue level as depicted in Figure 
2. These studies provide approaches to reduce of the significant burden of cardiac disease by using 
tiered biomimetic approaches to engineer personalized functional cardiac tissues. 
 
Figure 2. Hierarchical architecture of cardiac tissues. The assembly of ventricular 
heart muscle represents a hierarchical arrangement that spans over several orders of 
spatial magnitude: from the alignment of actin–myosin complex within a sarcomere, to 
the alignment within myofibrils, the organization of myofibrils in a myocyte, and the 





ROLE OF BIOMIMETIC STIMULI  IN CARDIAC TISSUE MATURATION  
During development, the heart experiences significant mechanical and hydrodynamic 
forces, both of which contribute to cardiogenesis [20]. Complex loading patterns coordinate the 
form and function of the heart throughout development: from the linear tube, through the stage of 
looping, to the formation of chambers and establishment of the pumping function [21]. Hove et al. 
clearly demonstrated the importance of mechanical forces for heart development and function in 
the zebrafish model. When the blood flow was blocked in the early zebrafish heart tube, 
endocardial cushions failed to form [22]. Also, orderly propagation of electrical signals and 
generation of force were not established without aligned cardiac microarchitecture. All these 
findings support the notion that the heart function strongly relies on spreading of appropriately 
timed electrical signals, which synchronize mechanical contractions of the muscle and pump blood 
to the rest of the body.  
The heart is a mechanically active organ, and the mechanical stimulation of 
cardiomyocytes is present throughout development and adulthood. Mechanical signals activate 
numerous transduction pathways, regulating gene reprogramming and protein synthesis [23, 24]. 
These molecular changes profoundly affect cellular organization in the heart [25, 26] and regulate 
the synthesis and accumulation of extracellular matrix (ECM) components [8]. Cardiomyocytes 
mature under appropriate mechanical loading, whereas excessive loading can cause pathological 
hypertrophy and apoptosis [27]. The main types of mechanical loading are wall shear stress caused 
by blood flow, and the strain caused by blood pressure and myocytes contractility [28]. Blood flow 
is present at very early stages of embryo formation, without a clear role in nourishment and oxygen 
supply, as evidenced by the lack of hemoglobin-mediated transport of oxygen in chick embryos 




and oxygen supply at these early stages of heart development [28, 30]. Hemodynamic forces are 
an essential epigenetic factor in the development of the electrical conduction system in the heart, 
with mechanical stimuli playing roles in electrical maturation of cardiomyocytes [31].  
Heart conditions in vivo are highly complex (e.g. mechanical stimuli, electrical stimuli, and 
constantly high perfusion levels) and thus, replicating these conditions in vitro is extremely 
important for their subsequent success as a tool for myocardial regeneration (Figure 3). Upon 
formation, the heart is unique in that it immediately begins to function. To function, the heart relies 
on appropriately timed electrical signals that synchronize mechanical contractions to pump blood 
to the rest of the body. These electrical signals require a hierarchically aligned cell network capable 
of converting incoming signals into functional mechanical forces. Thus, the rationale for applying 
biophysical stimuli in vitro for hiPS-CM maturation is drawn from the role of these cues in cardiac 
development and their constant influence on cardiac function in vivo.  
These environments can be replicated within bioreactors to impose similar forces and cues 
necessary for cardiac development. A bioreactor is generally defined as a cell culture device 
capable of imposing various stresses and conditions ideal for replicating the environment found in 
vivo. These stresses range from mechanical stretching and load bearing to electrically active signal 
propagation when designing bioreactors for cardiac tissue engineering applications. It is expected 
that the resulting fate of the hiPS-CM is dictated by these forces and thus, provide critical tools for 
engineering cardiac tissues capable of replicating the complex functions of the heart upon 
implantation and integration with the host heart tissue. The successful development of an in vitro 
platform for mature and functional cardiac µtissues will require combining biomimetic cues 
multiple cues known to drive cardiac development in vivo: 1) anisotropic alignment to promote 




physiologically relevant rates, 4) development of ultrastructural and molecular characteristics 
similar to native tissue, 5) effective transport of nutrients and removal of waste, and 6) responsive 
to electrical pacing stimuli.   
 
 
Figure 3. Biomimetic bioreactor designs for cardiac tissue engineering. (A) In vivo 
cardiac conduction, controlled by cardiac pacemaker cells can be reproduced (B) in 
vitro through the use of carbon rods within ion containing cell culture media to 
establish an electrical field that delivers biomimetic electrical stimuli. (C) In vivo 
cardiac tissue is highly vascularized and can be mimicked (D) in vitro through the use 
of perfusion through channeled scaffolds. (E) In vivo contractile forces and the 
mechanical preload can be reproduced (F) in vitro through the use of bioreactors 





CURRENT APPROACHES – BIOREACTOR STUDIES OF ENGINEERED CARDIAC TISSUE 
Current approaches to cardiac tissue engineering subject cardiogenic cells cultured on 
biomaterials scaffolds to sequences of biochemical, mechanical and electrical signals that regulate 
normal heart development into engineering of the cardiac tissue by using biomimetic bioreactor 
settings. In recent years, the bioreactor designs are increasingly based on biological principles, 
with the protocols for cardiac tissue engineering recapitulating some of the key developmental 
events. To this end, a number of bioengineering tools are finding utility in tissue engineering [28].  
Mechanical Stimulation 
The main function of the heart is to pump blood. Because mechanical stimuli are such a 
critical aspect of cardiac function, there have been numerous efforts to implement these stimuli to 
the in vitro cultured cardiac tissues. By incorporating passive tension, the anisotropic alignment of 
cardiomyocytes could be induced to mimic the cellular arrangement found in vivo and facilitated 
electrical conduction. Studies by Zimmerman and colleagues of neonatal rat heart cells in collagen 
gels demonstrated that mechanical stretch enables engineering of cardiac tissues generating 
substantial mechanical forces [6, 32]. 
Current methods utilizing human iPS cells as a source of cardiomyocytes for generating 
3D cardiac tissues fail to demonstrate the positive force-frequency relationship that is a hallmark 
of adult human cardiac tissue. These cardiac tissues are unable to integrate with the host 
myocardium in a functionally relevant manner. Bioreactors with biophysical signals can be used 
to mature the contractile function of cultured 3D hSC-CM tissues. Because the contractions of 
cardiomyocytes are elicited by the binding of calcium to cardiac troponin C (cTnT), it is of interest 
to implement bioreactors with mechanical stimulation to upregulate the expression and assembly 




the process by which cells respond to mechanical stimuli, known as mechanotransduction, the 
extracellular matrix (ECM) and cytoskeletal organization sense and respond to mechanical stimuli. 
Thus, an appropriate structural template and the right types of mechanical forces need to be 
incorporated into bioengineered approaches to hSC-CM maturation. For mechanical loading, three 
different modes of stretch have been employed: (i) static (constant stretch), (ii) phasic (cyclic 
stretch), and (iii) auxotonic (proportional resistance on a flexible base) [28].  
Electrical Stimulation 
To pump blood, the heart contracts rhythmically in response to electrical signals, which are 
converted into a mechanical response through a process known as excitation-contraction coupling 
(ECC). In order to mimic the in vivo conditions, these signals are being recreated in vitro within 
the bioreactor. An electrical field can be applied within the bioreactor through the use of parallel 
carbon rods connected to an external stimulator. Studies by Radisic and colleagues pioneered the 
utilization of bioreactors delivering electrical signals to direct cell maturation and assembly into 
functional tissue units [19]. Electrical stimulation was shown to upregulate cardiac genes, align 
CMs, and electrically couple cells for enhanced contractility and function. The use of electrical 
field stimulation is less biomimetic than electrical pacing via point stimulation methods. However, 
the use of electrical field signals helps overcome the initial spatial heterogeneity and incomplete 
interconnectivity of cells within engineered tissues, and deliver electrical signals throughout the 
engineered tissue [19].  
Recently, a paper by Nunes et al. demonstrated the use of a “biowire” platform to mature 
hiPS-CMs through the use of 3D cell culture and electrical stimulation [11]. The creation of aligned 
cardiac tissues (biowires) was achieved by encapsulating hiPS-CMs and supporting cells 




contracted around a suture within a geometrically defined well. The biowires were about 300 µm 
in thickness, thin enough to be maintained viable by the diffusional transport of nutrients and 
oxygen without convective flow. Upon gel compaction and alignment along the suture the 
electrical pacing regimens were used to enhance hiPSC-CM maturation. While previous studies 
have shown positive effects of electrical stimulation on CM functionality, this was the first study 
to explore the effects of electrical pacing regimens on CM maturation. Ultimately, stimulation rate 
dependent physiological hypertrophy and maturation of the hiPSC-CM biowires were 
demonstrated. Comparison of low frequency ramp up regimens (1-3 Hz) versus high frequency 
ramp up regimens (1-6 Hz) revealed that cells exposed to the high frequency ramp up underwent 
a greater extent of maturation as evidenced by physiological hypertrophy, maturation of the 
contractile apparatus (sarcomeric banding, increased density of mitochondria and desmosomes) 
and functional properties closer to those of adult cardiac tissue.  
While this study demonstrated the feasibility of establishing proper excitation-contraction 
coupling, the combined application of electrical and mechanical forces could also upregulate this 
physiological process. The electrical stimulus is converted into an action potential responsible for 
inducing contraction. However, to fully recapitulate the complex mechanical patterns involved 
with pumping blood in vivo, passive and active mechanical stimuli can be used in conjunction with 
the application of electrical stimulation. The depolarization of the cell membrane, as a result of the 
action potential, creates an increased concentration of cytosolic [Ca2+] which activates a calcium 
induced calcium response (CICR) that leads to contraction. Over time, the buildup of cytosolic 
[Ca2+] upregulates genes related to calcium handling, effectively enhancing tissue maturation. 
Synchronization of electrical stimuli results in tightly coupled EC mechanisms that are important 




The need for biophysical stimulation to improve cardiomyocyte maturation comes from 
the role of these cues in cardiac development and their lasting influence on cardiac function. Native 
myocardial features include a highly aligned, dense cell network, efficient transport mechanisms, 
electrical signal propagation and generation of contractile forces. By providing biophysical stimuli 
using custom designed bioreactors, the culture environment can better replicate the cues associated 
with cardiac development. Two of the most critical cues include mechanical stretch and electrical 
signal propagation. It is expected that the resulting fate of cardiomyocytes is dictated by these cues, 
providing critical tools for engineering more functional cardiac tissues. 
Scaffolds 
Recapitulating the organ-specific structure (including anisotropy) at multiple length scales 
is important for achieving proper tissue function in vitro (Figure 4). Different methods have been 
developed for providing an appropriate template, also known as a scaffold, and the related 
biophysical cues. The scaffolding of the native heart is the extracellular matrix (ECM), composed 
mostly of collagen, which provides microscale cues for anisotropic alignment, mechanical 
integrity and support. By mimicking this native ECM, artificial materials for engineering cardiac 
tissues include collagen hydrogels, lyophilized sponges and micropatterned ECM structures. 
Alternatively, cells can be removed from the native heart tissue (such as porcine) to obtain a 
scaffold with the composition, architecture and mechanical function matching those of the native 
heart. Such scaffolding material, used in vitro, was shown to enhance the vasculogenic capacity of 
human mesenchymal stem cells (as shown in vivo, in an animal model of heart infarction) [33], 
and the cardiogenic capacity of human embryonic stem cell derived cardiomyocytes (as shown by 





Figure 4. Bioengineered approaches to myocardial regeneration. (A) Biophysical 
stimuli driving cardiomyocyte maturation: in a complex environment, a cardiomyocyte 
is exposed to electrical, mechanical, and biochemical stimuli, and to cell–cell and cell-
matrix interactions. (B) Cardiac tissue engineering: cardiac tissues formed between two 
pillars (left) or around a suture (right) in bioreactors imposing either mechanical forces 
(auxotonic loading at the left) or electrical stimulation (at the right). (C) Hierarchical 
architecture of cardiac tissues: the assembly of ventricular heart muscle represents a 
hierarchical arrangement that spans over several orders of spatial magnitude: from the 
alignment of actin–myosin complex within a sarcomere, to the alignment within 
myofibrils, the organization of myofibrils in a myocyte, and the coupling between 
myocytes to form anisotropic, laminar cardiac tissue. (D) Geometric control of cell 
alignment: in vitro recapitulation of cell alignment at the micrometer scale. Panels B, 
left and right, are reproduced with permission from references [11] and [101]. Panel D 
is reproduced with permission from reference [106].  
 
CURRENT CHALLENGES WITHIN CARDIAC TISSUE ENGINEERING 
As physicians, biologists, and engineers continue to collaboratively develop bioengineered 
approaches to myocardial regeneration, there are still many hurdles that need to be overcome for 
their full potential to be realized. The risk of teratoma formation must be eliminated, potentially 
through increased cell preparation purification. Subsequently, the potential for arrhythmic 




and signal propagation within implanted and host tissues. Additionally, both cell/tissue death post 
transplantation and immune rejection responses will need to be minimized.  
In order to overcome the challenges associated with bioengineered treatments of 
myocardial infarction, the issue of hiPSC-CM maturity must be addressed. Calcium handling and 
homeostasis are the key regulators of EC coupling within cardiac tissues that are necessary for 
functional maturation. At both the cell and tissue levels, structural organization of hiPSC-CMs 
determines the resulting cardiac functionality. Recent advances in microfabrication and 3D 
printing enable modulation of cell and tissue structure through the controlled application of 
biophysical cues in custom designed bioreactors. By enabling bottom-up approaches, in addition 
to or combined with top-down approaches, tissues can be engineered through serial patterning 
techniques, compilation of modular tissue “building blocks”, or in a controlled layer-by-layer 
fashion.  
Although the lack of mature hiPS-CMs continues to be a hurdle in the development of 
physiologically relevant cardiac tissues, current studies have yielded promising results by the 
combination of multiple biophysical stimuli. During development, the neonatal heart rate 
undergoes many frequency changes over time as it matures, with an average rate of 3 Hz [23]. The 
innovative studies by Nunes and colleagues revealed that the electrical stimulation of the cardiac 
tissues at higher frequencies was beneficial [8]. This may represent the role of applying electrical 
stimulation in a way that forces the cells to beat at their highest possible rate in order to induce 
further maturation. While the exact mechanism behind the success of electrically stimulating 
cardiac cells is yet to be detailed, these results bring the field even closer, as exhibited by the up 
regulation of the potassium inwardly rectifying channel gene (KCNJ2) in response to electrical 




tissue formation of human embryonic stem cell-derived cardiomyocytes. [60] Overall, the ideal 
combination of mechanical, electrical, biochemical, and microfluidic stimuli responsible for 
driving hSC-CM maturation still need to be determined.  
Currently, cell densities within bioengineered tissues are far less than those of native tissue 
and thus, provide less contractile “machinery” for generating contractile force. Thus, it is expected 
that optimizing the electromechanical conditioning regimen and increasing cell density can 
generate increased forces. To determine if the bioengineered tissue is sufficiently mature for 
myocardial regenerative approaches, physiologically relevant reactions to physiological 
interventions should be present. Specifically, the Frank-Starling mechanism should be established 
by an increased force in response to an increased preload and the positive force-frequency 
relationship by an increased force in response to increased stimulation rates. Similarly, the 
electrical properties responsible for generating contractile forces should be similar to the native 
cardiac tissue. The level of Ca2+ handling should be compatible with a functional SR for [Ca2+] 
storage and result in an increased force with increasing [Ca2+]. 
Understanding the dynamic of cardiogenesis is necessary for maturation of stem cell 
derived cardiomyocytes in vitro. An interdisciplinary approach is required to capture the complex 
process of heart morphogenesis and to understand the dynamics of electromechanical loading 
during cardiogenesis. Advanced molecular techniques, imaging modalities with high 
spatiotemporal resolution live imaging, along with advanced computational techniques to link 
electromechanical stimuli and morphogenesis of heart is required to understand the role of 
electromechanical loading on cardiac tissue maturation. [61] 
Vascularization is another major bottleneck in engineering functional cardiac tissue. High 




30 minutes without blood flow may be long enough to induce apoptosis in CMs [36]. While larger 
sized engineered tissues require vasculature to effectively transport oxygen/nutrients and remove 
waste, the necessity of this before implantation is not yet defined. For example Zimmermann and 
colleagues implanted a thick engineered cardiac tissue and showed a functional tissue with 
vascularization, two weeks post implantation (Figure 5). Delayed vascularization strategies 
include implanting engineered tissues containing channels/pores [63] or chemical growth factors 
to guide angiogenesis in vivo. Additional approaches are again based on utilizing paracrine 
signaling methods to induce favorable conditions for vasculature formation [64, 65]. During 
cardiac development, the initially avascular heart progressively develops an integrated and 
complex vascular network as the heart matures [66]. Therefore, avascular engineered tissues that 
are small enough to maintain sufficient transport in vitro could potentially be used for in vivo 
transplantation where they will subsequently become vascularized (Figure 5). It is not clear if 
prevascularization or avascular tissue implantation will lead to better results. Yet, there might be 
a middle ground solution, where engineering methods could guide the formation of the vascular 




Figure 5. Bioengineering cardiac maturation enables effective tissue engineered 
approaches to myocardial regeneration. (A) A schematic detailing the maturation of 
cardiomyocytes in vitro from a neonatal to an adult state, where it can then be 
engineered into a functional cardiac tissue(s) for subsequent placement into the infarct 





Inflammatory response initiated after myocardial infarction also plays a major role in 
vascularization and survival of implanted tissues. The inflammatory response is characterized by 
polarization of steady-state macrophages (M0) into “classical” (M1) macrophages, associated with 
inflammation, tumor rejection, and insulin resistance [14], followed by “alternative” (M2) 
macrophages, associated with assist ECM turnover, angiogenesis, and improved insulin sensitivity 
[15]. These responses result in significant production of cytokines and growth factors and thus, the 
resulting immune response should considered when determining the proper timing for myocardial 
regenerative therapies. Studies by Laflamme et al. revealed the necessity of using additional pro-
survival factors to inhibit the negative effects of the immune response so that the transplanted 
cardiac graft was able to survive [7]. Recent studies suggest that the inflammatory cells and 
cytokines can in fact be harnessed to augment and facilitate vascularization and regenerative 
processes [72].   
In summary, recent advances in the derivation of immature but committed hiPS-CMs have 
accelerated the development of tissue engineering methods to functionally assemble these cells 
into synchronously contracting cardiac tissues. The implementation of biophysical signals that are 
inherent to the development and function of the heart can subsequently be used for the in vitro 
cultivation of cardiac cells and tissues with high biological fidelity. Overall, this enables 







GOALS, RATIONALE, AND METHODOLOGY 
AIM 1 - PATTERNING A FUNCTIONAL HIERARCHY OF BIOPHYSICAL CUES AT THE NANO, MICRO, 
AND MACROSCALE LEVELS TO DIRECT CELL FATE  
 
Goals  
The biomimetic control of the hierarchical levels will synergistically yield: a nanoenvironment 
that directs morphogenesis by controlling the cell-ECM interactions through focal adhesion 
formation; a microenviroment that controls cell-cell interactions necessary to form an 
electromechanical syncytium critical of cardiac tissue; and a macroenviroment that incorporates 
these cues to guide the tissue level assembly of a functional myocardial tissue. 
 
Rationale 
A hierarchical organization of the multiple myocardial cell types is expected to promote 
mature cardiomyocyte differentiation while decreasing the propensity of arrhythmias within 
engineered tissue. The development of methods combining nano-, micro-, and macroscopically 
tiered patterning methods aimed at disentangling the complex relationships of regulatory elements, 
in two-dimensional (2D) and three-dimensional (3D) environments, will enable the patterning of 
a functional hierarchy of biophysical cues hypothesized to be critical to successfully direct and 
regulate cell fate, cardiac morphogenesis, and subsequent tissue assembly. The enhanced control 
over cellular alignment and thus, signal propagation can be used to develop a platform for 
reproducibly investigating the propagation of electrical signals within geometrically constrained 




subsequent drug induced perturbations as they relate to the establishment of cardiac toxicity and 
loss of function.  
 
AIM 2 - USING BIOPHYSICAL STIMULI TO DRIVE FUNCTIONAL CARDIAC MATURATION  
 
Goals 
To better understand how the replication of biophysical cues in vitro drive cardiac maturation and 
functionality, the individual roles of electrical and mechanical stimulation must be deciphered in 
relation to their regulation of EC coupling.  Subsequently, the optimal application of these signals 
can be determined in order to drive hiPS-CM maturation towards physiologically relevant levels 
of function. Specifically, to optimize the use of electromechanical stimulation, the use of varying 
intensity dependent interval training regimens can be investigated in a manner that mimics current 
“heart healthy” workout regimens.  
Rationale 
Currently, methods for generating 3D cardiac tissues from hiPS cells result in immature 
phenotypes lacking the necessary positive force-frequency relationship characteristic of adult 
human cardiac tissue. Thus, engineered in vitro cardiac tissues are unable to correctly predict in 
vivo cardiac events, such as those resulting from drug exposure or disease. Therefore this specific 
aim was to establish protocols for maturing 3D hiPS cardiac microtissues in culture. We aim to 
determine the ideal electromechanical conditioning regimen necessary for producing mature and 
physiologically relevant cardiac tissue in vitro. We expect that investigation will enhance our 




to produce cardiac organoids that overcome the current limitations associated with their use in 
predicting in vivo cardiac responses.  
 
AIM 3 - ENGINEERING ADULT-LIKE CARDIAC MUSCLE VIA INTENSITY TRAINING FOR 
PREDICTIVE SCREENING OF CARDIOTOXICITY AND PERSONALIZED MODELS OF DISEASE  
 
Goals 
Predictable studies of cardiac toxicity and modeling of disease using physiologically relevant heart 
tissue engineered in vitro from human iPS cells would significantly accelerate the development of 
new treatment modalities.  
 
Rationale 
Since animal models have proven inefficient at accurately predicting human responses in 
vivo, human derived stem cells can be coupled with biomimetic tissue engineering approaches to 
create physiologically relevant functional subunits of each tissue/organ within the body. The use 
of human iPS cells in particular, enables the innovative development of personalized treatment 
regimens for individuals, subpopulations, and disease conditions previously unattainable. 
Specifically, cardiac microtissues can be generated from human iPS cells and differentiated 
towards a cardiac lineage in a manner that, due to recent advances in stem cell differentiation 
efficiencies, previously was not viable. However, because the resulting hiPS-CMs are neonatal in 
phenotype, further maturation is necessary to generate physiologically relevant adult-like CMs. 
Bioreactors can be engineered to recreate developmental conditions towards the development of a 
physiologically relevant cardiac tissue platform, capable of predicting cardiotoxicity and modeling 




Methods   
3.1 Block copolymer self-assembly 
Thin films were prepared by spin coating filtered (0.45 μm) 1 wt % (10 mg/mL) solutions 
of polymer at varying speeds on glass or silicon substrates. Solutions were stirred for ∼12 h. 
Silicon, Au/Ti/glass and glass substrates were cleaned by sonication in DI water (30 min), acetone 
(2 × 15 min), 2-propanol (2 × 15 min) and dried with a nitrogen stream. For self-assembly, all 
films were annealed for 1–12 h and subsequently quenched with in a high humidity atmosphere 
for 2 min (RH 90–95%). Chips were placed on a glass tray under an inverted crystallization dish 
(o.d. × H 150 mm × 75 mm) with 2 × 10 mL beakers of solvent. For cylinders normal to the 
substrate, thin films were spin coated from dry toluene or benzene at 3000 rpm and annealed with 
a toluene/water vapor (2 × 10 mL toluene and 1 × 1 mL water) for 2–12 h. Long-range order 
improved with longer annealing times, but extended annealing times may lead to dewetting. For 
cylinders parallel to the substrates, thin films were spin coated from dry benzene at 3000 rpm and 
annealed with benzene vapor (2 × 10 mL benzene) for 1–6 h. Self-assembly was confirmed via 
atomic force microscopy in at least three distinct locations per substrate to confirm uniformity. 
 
3.2 Micropatterning and passivation 
In a nitrogen atmosphere, self-assembled thin films were subjected to 254 nm irradiation 
for 25 min. UVP Black-Ray UV Bench Lamp XX-15S 254 nm was used for cross-linking. 
Extended irradiation times may lead to thin film etching. A quartz mask with chromium 
micropatterns was used. Chips were put in contact with the chromium mask via a homemade setup 
(Supporting Information Figure S2B) that is similar to a traditional mask aligner. To remove 
uncross-linked material to achieve micropatterns, samples were submerged in dichloromethane 
(0.45 μm filtered) and the solvent was exchanged for 20 min. Then, samples were dried with a 
nitrogen stream and subjected to a second round of solvent annealing. For passivation of the 10 




11-mercaptoundecyl ether (EG3) in 200 proof ethanol for 24 h. Attention was given to avoid 
evaporation of the solution by sealing the container with parafilm. Subsequently, substrates were 
rinsed with 200 proof ethanol (5 × 5 mL, 1 min.), soaked for 2 h, then dried with a nitrogen stream. 
 
3.3 Biofunctionalization 
Thin films were swelled in 1× phosphate-buffered saline (PBS) without 
calcium/magnesium (pH = 7.4) for 18 h prior to biofunctionalization. All biofunctionalizations 
were carried out in 12 well plates at room temperature. For neutravidin conjugation, substrates 
were transferred to a well containing 2 mL of 10 μg/mL neutravidin in PBS for 30 min, then 
washed with PBS (4 mL, 5 × 5 min). For biotin–CRGDS conjugation, substrates previously 
functionalized with neutravidin were transferred to a well containing 2 mL of 10 μg/mL biotin–
CRGDS in PBS for 30 min, then washed with PBS (4 mL, 5 × 5 min.). For biotin–DNA–Cy3 
conjugation, substrates previously functionalized with neutravidin were transferred to a well 
containing 2 mL of 1 pM biotin–DNA–Cy3 and shaken for 10 min in the dark, then washed with 
PBS (6 mL, 3 × 15 min). For streptavidin–Alexa Fluor 647 conjugation, substrates were transferred 
to a well containing 2 mL of 10 μg/mL streptavidin–Alexa Fluor 647 for 10 min in the dark, then 
washed with PBS (6 mL, 3 × 15 min). For the dual protein studies, samples were first incubated 
in 100 μg/mL of BSA for 30 min then washed with PBS (4 mL, 2 × 1 min) for full coverage of the 
PS matrix with BSA. Then, substrates were functionalized with neutravidin (described above) and 
followed with incubation with 2 mL of 10 μg/mL biotin–IgG for 30 min and a PBS wash (4 mL, 
2 × 1 min.). 
 
3.4 Cell culture and labeling in nanopatterned ECM investigations 
Annealed and passivated hierarchical patterns of P(S-co-BrS)-b-PEO-biotin were swelled 
overnight in 1× phosphate-buffered saline (PBS). All following steps were performed in a cell 




antifungal-antibacterial solution for 30 min, then rinsed with 5 mL of 1× PBS (3 × 5 min). Human 
mesenchymal stem cells were maintained in tissue flasks in Dulbecco’s modified eagle media 
(DMEM) with 10% fetal bovine serum (FBS), 1% penicillin–streptomycin (P/S) at 37 °C, and 5% 
CO2. At 70% confluency, cells were trypsinized, resuspended with media, and seeded on the 
substrates at 1 × 106 cells/well. After 1 h, substrates were rinsed with media (3 × 5 mL) and 
maintained at 37 °C and 5% CO2 for 18 h. At this point, all steps were performed outside of a cell 
culture hood. Cells were fixed with 4% paraformaldehyde for 15 min and rinsed with 1× PBS (3 
× 5 mL). Then, cells were permeabilized with 2 mL Triton-X-100 in Tris-buffered saline for 5 min 
and rinsed with PBS (3 × 5 mL). Cells were incubated in antivinculin primary antibody solution 
at a 1:100 dilution (1× PBS, 0.1% BSA, 10% goat serum) for 24 h and rinsed with 1× PBS and 1 
M NaCl (3 × 5 mL). Then, cells were incubated with the fluorescently labeled secondary antibody 
at 1:200 dilution (1× PBS, 0.1% BSA, 10% goat serum) for 1 h. Actin was stained with ActinRed 
555 ReadyProbes for 30 min and rinsed with 1× PBS and 1 M NaCl. Lastly, nuclei was stained 
with NucBlue Fixed Cell ReadyProbes Reagent for 10 min and rinsed with 1× PBS and 1 M NaCl. 
 
3.5 Microcontact printing 
Cell patterning was done by using polydimethylsiloxane (PDMS) elastomeric stamps and 
self-assembly monolayers (SAMs) (20, 21, 24). A master mold was first fabricated with SU-8 
2050 photoresist (MicroChem Corp.) and chromium masks with desired geometric features. The 
mixture (10∶1) of PDMS prepolymer and curing agent (Dow Corning) was poured into the mold 
and cured at 70 °C for 4 h. In most studies (and unless indicated otherwise), an adhesive SAM 
octadecanethiol (Sigma) was transferred onto the gold-coated (150 Å in thickness) glass slide with 
the PDMS stamp (Fig. S1 in SI Appendix) (20). The slide was then immersed in a nonadhesive 
ethylene glycol-terminated SAM (HS-(CH2)11-EG3, Prochimia) for 3 h. Finally, patterned 





3.6 Cell Culture 
Cells were maintained in tissue flasks with culture media listed and described in the table 
below. When reaching 70% confluency, cells were trypsinized and seeded onto protein-coated 
patterned glass slides or petri dishes. Once cell attachment on to patterned surfaces was observed, 
extra cells were washed off and the culture was replaced with fresh media. At this time drugs might 
be added were added into the culture medium if necessary. Phase contrast images of the rings were 
taken after overnight incubation at 37oC and 5% CO2 when cells reached confluency on the ring 
patterns.  
 
3.7 Drug Treatment 
To examine the role of actin in left-right asymmetrya broad range of the concentration of 
drugs including 20 - 500 nM Latrunculin A (Lat A), 0.05 - 1.0 μg/mL Cytochalasin D (Cyto D), 
and 1 - 100 nM Jasplakinolide (Jasp) was tested by adding them into the culture medium 
immediately following cell attachment onto patterned slides. Latrunculin A inhibits actin 
polymerization by forming a 1:1 molar complex with G-actin, thereby inhibiting its ability to 
polymerize into F-actin (4). Cytochalasin D inhibits actin polymerization by binding to the 
growing ends of F-actin chains and thus preventing the attachment and addition of G-actin 
monomers (5).  Jasplakinolide is known to bind to and stabilize actin filaments in vitro (6). 
To examine the role of microtubules in left-right asymmetry, 20 - 200 nM Nocodazle (Noc) 
and 0.2 - 30 nM Taxol were added into the culture medium. Nocodazole suppresses microtubule 
dynamics by destabilizing and disassembling microtubules (5). Taxol inhibits the microtubule 
depolymerization and stabilize microtubules (7).  
To examine the role of the actomyosin motor, 0.2-10 mM Y-27632, 1-20 mM ML-7, and 
0.5-10 mM Bebbistatin were added into the culture medium. Y-27632 works as a selective 
inhibitor to prevent the phosphorylation of the myosin regulatory light chain (8). ML-7 acts as a 




complex through binding to myosin heads, causing the inhibition of nonmuscle myosin II ATPase 
activity (10). 
 
3.8 Cell Immunofluorescence Staining 
After imaging, cells were fixed with 4% formaldehyde in cytoskeletal buffer (10mM MES, 
138mM KCl, 3mM MgCl2, 2mM EGTA, and 0.32M sucrose) for 25 minutes, and stored at 4oC 
in PBS. Before staining, the cells were permeablized in Tris buffered saline (TBS) with 0.5% 
Triton-X-100 for 10 min, and blocked with 5% fetal bovine serm (FBS) in TBS for 1 hour. For 
actin / tubulin double staining, the cells were further incubated with phalloidin-TRITC (1:400; 
Invitrogen) and anti-Tubulin-FITC (1:50; Sigma) in TBS with 2% FBS for 1 hour. For the Golgi 
apparatus positioning inside patterned hUVECsrings, -
human golgin-97 (Invitrogen) in TBS with 2% FBS for 1 hour. After secondary antibodies, cell 
nuclei were stained with 200 ng/mL 40, 6-diamidino-2-phenylindole (DAPI; Simga) in PBS for 
10 minutes. Finally, the cells were mounted with Fluoromount-G medium (SouthernBiotech, 
Birmingham, AL) and fluorescence images were taken with an inverted microscope (IX 70, 
Olympus, Melville, NY). 
 
3.9 Analysis of cell alignment 
High-resolution phase contrast images of live patterned cells were taken at a resolution of 
approximately 0.645 μm/pixel, and analyzed using a custom-written code in MatLab 
(MathWorks), based on the automated detection of intensity gradient and circular statistics (22). 
In this algorithm, the intensity gradient was determined pixel by pixel with a Gaussian differential 
filter. In each subregion of the image, the dominant local direction was determined using an 
accumulator scheme, in which the orientation of each pixel follows a von Mises distribution, a 
circular analogue of the linear normal distribution. Subsequently, the orientation in each subregion 




1C). Mean angle and standard deviation of LR asymmetry were calculated for all subregions, using 
circular statistics (45). We verified that the variation of subregion size from 10 by 10 pixels to 60 
by 60 pixels would not significantly alter the judgment of cell chirality on rings. The subregion 
size was therefore set to 20 by 20 pixels (i.e., 13 by 13 μm). 
 
3.10 Statistical analysis within chirality investigations 
Cell chirality on ring patterns (i.e., clockwise or counterclockwise alignment) was 
determined from calculated biased angles in local regions with one sample test for the mean angle, 
analogous to the one sample t test in linear statistics (45). The overall biased behavior of the cells 
was tested based on the number of rings exhibiting either clockwise or counter clockwise 
alignment in the rank test. The directionality of cell migration on boundaries was determined with 
the one-tailed Student t test. The confidence level was set to 0.05 for all statistical tests. 
 
3.11 Cardiac Differentiation of Human iPS Cells.  
Human induced pluripotent stem cells (hiPSC) were donated from Stephen Duncan's lab 
(C2A line) and Bruce Conklin (WT11 line) in accordance with our respective Material Transfer 
Agreements. hiPSCs were maintained in mTeSR1 media (Stemcell technologies) and changed 
daily. Cells were passaged at 85-95% confluency utilizing TrypLE express (Life Technologies), 
and were split at a 1:6 ratio onto Matrigel-coated plates. 5 µM Y-27632 dihydrochloride (Tocris, 
1254) was supplemented for the first 24 hours after passaging. Once the hiPSCs reached 90-95% 
confluency, cardiac differentiation was initiated by replacing the media with RPMI+B27-ins 
(RPMI-1640 [Life Technologies], 1X B27 supplement minus insulin [Life Technologies], 100 U 
penicillin, 0.1 mg/mL streptomycin, 50 µg/mL ascorbic acid [Sigma, A4544]) supplemented with 




24 hours. The media was then changed to RPMI+B27 supplemented with vascular endothelial 
growth factor (VEGF, R&D systems) (10 ng/mL) for 72 hours. Afterwards, the media was changed 
to RPMI+B27 (RPMI-1640, 1X B27 supplement [Life Technologies], 100 U penicillin, 0.1 mg/mL 
streptomycin, 50 µg/mL ascorbic acid) without supplemental cytokines, and refreshed every 2 
days. Flow cytometry was performed at Day 12 for the cardiomyocyte specific marker cTnT (clone 
13-11, from NeoMarkers). Differentiation typically resulted in cell populations containing 80-90% 
cTnT positive cells without selection for cardiomyocytes specifically. The induced 
cardiomyocytes (hIPS-CMs) were used between days 12 and 15 after differentiation was initiated.  
3.12 Electrical stimulation  
The bioreactor is controlled through the Arduino computer programming environment, and 
can be programmed by connecting the Arduino to a computer via USB cable each time an update 
is needed. The Arduino microcontroller outputs a pulse wave signal, which is passed through a 
high-output current amplifier (TLV4110) in unity gain mode to preserve the signal strength across 
the carbon rods of the bioreactor. The pump is controlled by a digital potentiometer IC (AD5206) 
that is set by the microcontroller using Serial Peripheral Interface. Serial Peripheral Interface (SPI) 
is a synchronous serial data protocol used by microcontrollers for communicating with one or more 
peripheral devices quickly over short distances. With an SPI connection there is always one master 
device (usually a microcontroller) that controls the peripheral devices. In this case, the Arduino 
acts as the master device and controls the digital potentiometer. The digital potentiometer has 
multiple independent channels each with a 256-position digitally controlled variable resistor. Each 
variable resistor has a wiper contact that taps the fixed resistor value at a point determined by a 
digital code loaded into the SPI-compatible register. By choosing the variable resistance, the output 
voltage of the potentiometer can be controlled. For the electrical stimulation, the parameters are 
the frequency, the pulse length, and the voltage. The frequency is specified by the length of the 




the period and is given in microseconds (i.e. 2000 = 2 ms). Finally, a number from 0-255 
corresponds linearly to 0-5 Volts to specify the voltage. The Arduino communicates with a digital 
potentiometer (variable resistor) using SPI (Serial Peripheral Interface). For each channel, the 
Arduino transfers the specified 0-255 value set by the user, and the digital potentiometer translates 
that value in a voltage that it outputs. In this way, each of the voltage parameters can be set 
separately and changed easily. The electrical stimulation also has a separate function that takes the 
parameters for frequency and pulse length and creates the desired waveform. This waveform is 
also transferred to the channel specified for the electrical stimulation, and therefore the output of 
the channel is the desired stimulation at the desired voltage. The outputs of the channels of the 
digital potentiometer are the specified voltages and are input directly to the electrical stimulation 
probes. 
3.13 Fabrication of a biomimetic 3D cardiac tissue bioreactor 
Our approach to developing a cardiac module has been guided by the need to recapitulate 
important aspects of the electromechanical environment, blood supply and cellular and matrix 
signaling in the human heart. We established minimally functional units of cardiac tissue, in the 
form of small 3D organoids that pull against two pillars in response to electrical stimulation. We 
developed a micro-physiological tissue platform with the following key features: (i) Modular 
design suitable for drug development and testing (configurable, scalable to other tissue systems, 
with microfluidics for vascular flow and module-to-module connections, PDMS-free); (ii) Rapid 
formation and long-term culture of iPS-based tissue units (heart muscle, liver lobule, vascular 
network); (iii) Local control of cell phenotypes (by tissue specific cells, extracellular matrix, 
physical signals) to enable perfusion with blood or blood substitute; (iv) On line readouts of 
functional responses (e.g., activation, metabolism, force, contractility) to drugs, normal and 
pathological stimuli. The platform consists of a custom designed 12-well base milled from 
Polystyrene, a 75 x 60 mm glass slide epoxied to the bottom, and custom interlocking lids with 




Electrodes containing threaded Platinum wires were placed within designated slots within the well 
base so that an electrical field could be created perpendicularly to the cultured hiPS-CM 
microtissue construct.  
 
3.14 Generation of fibrin-based cardiac microtissues (BEAMs) 
Cardiac microtissues were rapidly formed in our platform from iPS-CMs (± supporting 
iPS-EC and fibroblasts) in fibrin hydrogel contracting around two elastic pillars in response to 
electrical stimulation. We matured these tissues in platforms for up to 6 weeks to demonstrate the 
development of cardiac-like ultrastructure, marker expression, as well as physiological and 
pathological hypertrophy (in response to electrical stimulation and endothelin-1, respectively). On-
line measurements of contractile function and force development showed significant maturation 
of stimulated cardiac tissues that was not seen in static or embryoid body cultures. The maturing 
tissues exhibited increasingly physiological responses to drugs and inflammation. Thus, the 4-
week old tissues were used as a standard system for drug validation studies.  
 
3.15 Functional on-line analysis  
While contractility characteristics are critical to determining cardiac function and health, 
they do not give a full representation of the state of the tissue for each condition tested. Thus, we 
have also incorporated the capability of on line force measurements based on the design of our 
cardiac tissue bioreactor. The development of high-throughput/high-content, on-line analysis 
methods were developed using custom software (SPLASSH, [107]) that enabled high-speed time-
lapse imaging within an environmental chamber to obtain force measurements based on the 
deflection of the pillars during contracted versus relaxed states, beating frequency based on 
contractions over time, and strain maps of the tissue through particle image velocimetry analysis 
techniques. Most drug tests are designed to evaluate EC50 or IC50, the concentration of a drug 




death. Our focus has been on measuring tissue function relevant for assessing a specific drug, for 
three reasons: (i) Many drugs affect cell function without affecting viability, (ii) For toxic drugs, 
we often see functional changes preceding much before changes in cell viability, and (iii) 
Measurements of tissue function can be done noninvasively and in real time, enabling longitudinal 
and dynamic studies of cellular responses to drugs. As detailed below, on-line readouts were 
validated by systematic comparison to standard analytics, and correlated to cell viability. 
 
Contractility Analysis. The development of high-throughput/high-content, on-line analysis 
methods were developed using custom software (SPLASSH, 28) that enabled high-speed time-
lapse imaging within an environmental chamber to obtain contractile measurements based on pixel 
movement during contracted versus relaxed states. This temporal change in pixel motion enabled 
the analysis of contractile parameters as detailed:  
 
 
Calcium Imaging and Analysis. Cells were loaded with Fluo-4 NW (Life Technologies) in 
standard culture media containing 5 μM blebbistatin (Sigma) to reduce movement artifacts for 30 
minutes at 37°C. Videos were acquired at rates of 150 frames per second using a Pike F-032 (Allied 




subsequently analyzed in MATLAB using custom made scripts that calculated the temporal 
changes in calcium fluorescence intensity. Specifically, each frame was then normalized to a 
baseline background region chosen by the user to give baseline corrected changes in minimum and 
maximum fluorescence values for each frame. This temporal change in fluorescence intensity 
established a calcium transient trace from which the following measurements were obtained:  
 
Dose Response Curves.  Drugs were diluted in standard media (RPMI + B27).  Successively 
higher doses of each drug were administered sequentially from 10-11M to 10-5M.  Tissue videos 
were captured at least 10 minutes after each dose was administered.  Videos were processed using 
custom image processing software as discussed above.  Dose-response curves for various 
parameters were constructed by using MATLAB to fit the Hill Equation for sigmoid curves to the 
data, with generation of a corresponding EC50 value. 
 
3.16 Immunoflourescent BEAM/FCT staining  
For morphological analysis, BEAMs and FCTs were fixed in gradually increasing 
concentrations of paraformaldehyde (1-4%) for 1 hour each. The tissues were quenched in 0.5M 
NH4Cl for 30 minutes, permeabilized with 0.2% Triton X-100 for 15 minutes and then incubated 




Sections were and then incubated in blocking solution (1% bovine serum albumin [BSA], 2% 
goat serum in PBS) for 1 hour. The primary antibodies were incubated for 2 hours in 1% BSA: 
anti-Cav1.2 (1:250, Rockland Antibodies, 200-301-F08), di-4-ANEPPS (Molecular Probes, 
D1199), anti-α-actinin (1:200, Abcam, ab9465), anti–cardiac troponin T (1:100, Thermo 
Scientific; MS-295-P1), , anti-ryanodine (1:100, abcam, ab2827), anti-Bin1 (1:100, Abcam, 
ab137459). Tissues were washed 3 times with 0.2% Triton X-100 for 5 minutes and incubated 
with corresponding secondary antibodies for 2 hours:  anti-mouse–Alexa Fluor 488 (1:400, 
Invitrogen, A21202), anti-rabbit–TRITC (1:400, Invitrogen, 81-6114), anti-mouse Alexa Fluor 
635 (1:400, Invitrogen, A31574). The tissues were washed and subsequently incubated with 
NucBlue (Molecular Probes, R37606) for nuclei counterstaining. The immunostained tissues 








PATTERNING A FUNCTIONAL HIERARCHY OF BIOPHYSICAL CUES AT THE NANO, MICRO, AND 
MACRO LEVEL TO CONTROL TISSUE ASSEMBLY  
Cardiovascular disease is a leading cause of death in the U.S., with 800,000 new cases occurring 
each year [2]. The inability of the heart to regenerate following a myocardial infarction (MI), the 
leading cause of heart failure, creates a dire need for the development of clinical methods to replace 
this damaged tissue. Tissue engineering provides an approach that seeks to use stem cells to build 
a functional patch of cardiac tissue that would remain viable and fully integrate with the 
myocardium after surgical implantation. Current strategies have had limited success due to loss of 
viability, poor cell retention, lack of integration with the native heart tissue, and inability to 
recapitulate the complexity characteristic of native myocardium [36]. In order to recreate this 
intricacy, a multifaceted approach must be taken to develop a scaffold that mimics the 
environmental cues that direct the native development and maturation of cardiac tissue in-vivo.  
A hierarchical organization of the biophysical cues that direct cardiac development, 
maturation, and overall functionality is expected to promote the maturation of hiPS-CM’s towards 
a more adult phenotype, while decreasing the propensity of arrhythmias within engineered tissue. 
Specifically, we expect that control of the hierarchical levels will synergistically yield: a 
nanoenvironment that directs morphogenesis by controlling the cell-ECM interactions through 
focal adhesion formation; a microenviroment that controls cell-cell interactions necessary to form 
an electromechanical syncytium critical of cardiac tissue; and a macroenviroment that incorporates 
these cues to guide the tissue level assembly of a functional myocardial tissue. Such a biomimetic 
approach to building cardiac tissue from the bottom up will increase the ability of CMs to 




CM arrangements. Within this chapter, we will discuss the methods developed to precisely define 
the nano-, micro-, and macroscale environment to guide the functional assembly of cells into 
tissues by replicating biophysical cues established during cardiac development.   
4.1 INVESTIGATING THE BIOPHYSICAL CUES CONTROLLING MORPHOGENESIS BY 
NANOPATTERNING BIOMOLECULES TO DIRECT STEM CELL FATE 
The ability to engineer the growth of tissues and organs, such as bone and heart muscle, in 
a safe and reliable fashion would drastically impact medical technology. Pluripotent and 
multipotent stem cells have the proficiency to differentiate into specific cell types, but a major 
challenge in stem cell tissue engineering arises from their in vitro expansion and differentiation 
over long time scales. Studies using ECM mimics have revealed various factors that drastically 
dictate stem cell fate, as depicted in Figure 6. While the length scale of intracellular structures 
responsible for attachment have nanoscale dimensions, the role of biophysical cues at this 
nanoscale level remains largely unexplored. To date, the gold standard substrate for culturing stem 
cells are inactivated mouse embryonic fibroblast feeder cells or commercially available coatings, 
such as Matrigel™ (a mixture of ECM-derived proteins from the Engel-Breth-Holm-Swarm 
mouse tumor) [13-15] and collagen (the ubiquitous EMC constituent). However, these methods 
use variable and poorly defined animal derived products that differ from the nanoscale topography 
found natively [37]. Therefore, it is highly desired to design controllable and biomimetic scaffolds 
for future use in therapeutic applications, especially when intended for use in safety pharmacology 







Figure 6. Cell pathways triggered by nanopatterned ECM structures. 
Nanopatterned structures can subsequently direct stem cell fate through the activation of 
cell growth, migratory, and lineage pathways by directing cellular morphology and 
adhesion. 
 
Recent developments in polymer chemistry have enabled researchers to successfully 
engineer scaffolding materials with precise biochemical functionality, spatially distributed in well-
defined nanoscale patterns, in order to identify the multi-variable cues that control stem cell 
differentiation. The desire to control cell behavior at the nanoscale stems from the need to develop 
more efficient and chemically defined methods to dictate the controlled differentiation of stem 
cells in a reliable manner. We developed strategies, in collaboration with Dr. Luis Campos from 
Columbia’s Chemistry department, to engineer functional di-block copolymer peptides (BCPs) 
into ordered nanopatterns through intrinsic processes of self-assembly. By exploiting block 
copolymer self-assembly, [37] a process that yields sub-50 nm features, we synthesized materials 
that could then be easily functionalized and processed. This enabled the facile production of 2D 
scaffolds with nanopatterned biomolecules for subsequent investigations into cellular interactions 




mesenchymal stem cells (MSCs), under the rationale that their differentiation is well characterized 
and thus, allows for a more detailed probing into the underlying mechanisms behind the nanoscale 
biophysical cues and morphogenesis.  
Results 
Developing methods to pattern nanostructed environments for cell culture 
One of the primary interactions between cells and the extra cellular matrix (ECM) is the 
formation of focal adhesion sites, which include cell attachment, signaling, spreading, 
proliferation, and differentiation. Integrin proteins are involved in cell signaling, and mediate 
attachment between cells and the ECM. Since integrin proteins have a diameter of 8-12 nm, this 
is the desired size regime for studying focal adhesion formation. Block copolymer (BCP) 
lithography provides access to the size regime of integrins [23]. Creation of nanoscale features is 
difficult and time-consuming by conventional lithographic techniques. The development of 
methods utilizing the self-assembly of functionalized block copolymers to achieve chemically 
tunable, precisely-defined, large areas of nanopatterned scaffolds suitable for cell culture. 
Developing nanostructured polymeric scaffolds that mimic the extracellular matrix 
The development of high throughput screening and fabrication methods that lead to 
nanopatterned biomolecules allowed a variety of synthetic matrices and culture conditions to be 
examined. Initially, functionalized polymers, synthesized using new methods of click chemistry, 
were covalently tagged with single, dual or multiple versions of peptides derived from adhesive 
proteins (including laminins, fibronectins, collagens, and cadherins) with known differentiating 
activities and formed into addressable surface nanopatterns on glass slides by block copolymer 





Figure 7. Detailed synthetic route of functional BCPs for self-assembly of 
nanopatterns. The parent e-BCP system can be functionalized with RGD-peptide 
sequences via highly efficient thiol-ene click coupling reactions, enabling cellular 
adhesion to nanopatterns. For each polymer m=245, n=230, q~3. 
 
Having successfully synthesized a variety of functional derivatives of PS-b-PEO, we 
sought to investigate the film forming and self-assembly properties of these materials. By attaching 
functional groups to the polymer backbone in different ratios (Figure 7), we directly observed the 
drastic effect that the balance of hydrophobic, low surface energy fluorinated groups and 
hydrophilic peptides had on the phase behavior of as-cast and solvent-annealed films. It is 
necessary to understand the factors that drive nanopattern formation to access various shapes and 
feature sizes. We demonstrated that the biofunctional BCPs shown in Figure 7 self-assemble into 
highly ordered nanopatterns. Stark differences were observed upon modifying a small number (ca. 
7 units) of functional groups on the PEO backbone of the BCP. However, the effect of fluorinated 
groups and peptides on the self-assembly behavior of functionalized PS-b-P(EO-co-AGE) 




in Figure 9, which shows the AFM images of the nanostructures films. We can control the patterns 
to be disordered circles displaying the peptide, ordered hexagonal arrays, and line arrays (Figures 




Figure 8. Controlling stem cell fate via nanopatterned peptides. The chemical 
structure of functional BCP’s can be optimized to promote specific lineage 
commitment, such as the osteogenic promoting peptide depicted here. 
 
The BCP architecture was designed so that the peptides were localized in the PEO 
cylindrical domains in order to mimic the length scales of focal adhesion receptors within cells. 
We hypothesized that the presentation of the peptides in circular nanoclusters versus linear arrays 
would orient the integrin receptors in such a way that the intracellular proteins (actin, talin, 




as depicted in Figure 8. This lead MSCs to selectively differentiate towards different lineages, 
especially when immobilized differentiation-inducing biomolecules were included in the culture 
conditions. To serve as a model system in the evaluation of the adhesion-related properties of the 
synthetic matrices, hMSCs were seeded onto the substrates coated with pep-BCP (see Figure 9), 
incubated for 1hr, 24 hrs, or 7 days before fixation and subsequent analyses: adhesion test, staining 
for vinculin and actin, characterization of cell number (Figure 9).  
 
 
Figure 9. Characterization of hMSC attachment on RGD and RGE functionalized 
nanopatterns over time.   
 
In addition to the batch that was incubated for 7 days before characterization, another batch 
was additionally cultured for 7 days and exposed to media promoting the differential potential 
along the osteogenic, adipogenic, and chondrogenic lineages (see Figure 10). Polystyrene was 





Figure 10. Cells cultured on PS grew on the substrate mediated by nonspecific 
adhesion. A qualitative comparison of cells stained for vinculin and actin is shown in 
the middle panel. In pep-BCP, the attachment of cells was largely governed by the 
interactions between transmembrane integrin receptors of the cell and the CRGDS 
peptide. Cells adhered to the nanostructured polymer background display many focal 
adhesions at the periphery of the cell, indicated by bright, orange spots. The right panel 
details the differentiation extent of cells in response to the nanopatterns, with red 
indicating a commitment towards the adipogenic lineage (positively stained with Oil 
Red O) and purple indicating a commitment towards the osteogenic lineage (positively 
stained with alkaline phosphatase). 
 
Overall, the biggest difference between the two substrates is that the MSCs seeded on the 
polystyrene substrate do not display strong focal adhesions. Furthermore, another remarkable point 
of difference was observed after culturing the MSCs for seven days in mixed media to promote 
both osteogenesis and adipogenesis. Cells seeded on polystyrene show slight preference to 
differentiate to both osteoblasts and adipocytes. However, cells seeded on the nanostructured block 





The materials used in these studies highlight the ability to generate functional nanopatterns 
in one step, without the need for advanced lithographic equipment. The focal adhesions arising 
from the control polystyrene are fewer, larger, and more diffuse. A control experiment was also 
carried out on the e-BCP, the nanostructured substrate without a peptide, which shows similar 
behavior to polystyrene. Notably, the actin filaments are less pronounced in each of the controls. 
The formation of actin stress fibers and focal adhesions were related to cell migration and adhesion 
strength. From this data, evidence of the interplay between the nanostructured surface and ligand 
display of the substrate is clearly evident. 
4.2 DIRECTING CELL FATE AT THE NANO AND MICRO-SCALE LEVELS THROUGH THE 
HIERARCHICAL PATTERNING OF BIOMOLECULES 
(PUBLISHED IN: ACS NANO. 2014; DOI:  10.1021/NN505548N) 
Previous studies have established that, at the nanoscale level, cell attachments to 
extracellular matrix (ECM) integrin ligands are responsible for inducing intracellular biophysical 
effects that alter cellular behavior. Previous approaches to control the nanoscale environment have 
revealed a spatial functionality between the lateral spacing of peptide ligands, their patterned 
presentation, and their density on subsequent cellular behavior. Peptide specific interactions have 
also been shown to control cell attachment and differentiation [37]. However, these nanoscale 
effects have not been well characterized, and in respect to both hiPS cell behavior and myogenic 
differentiation, remain largely unexplored. Recently emerging strategies to fabricate surface 
topography at the nanoscale enabled us to develop 2D surfaces with the modification of nanoscale 




One of the primary interactions between cells and the extra cellular matrix (ECM) is the 
formation of focal adhesion sites, which include cell attachment, signaling, spreading, 
proliferation, and differentiation. Integrin proteins are involved in cell signaling, and mediate 
attachment between cells and the ECM. Since integrin proteins have a diameter of 8-12 nm, this 
is the desired size regime for studying focal adhesion formation. Block copolymer (BCP) 
lithography provides access to the size regime of integrins. Creation of nanoscale features is 
difficult and time-consuming by conventional lithographic techniques. To overcome these 
limitations, we developed methods, in collaboration with Dr. Luis Campos from Columbia’s 
Chemistry department, for the nanofabrication of synthetic environments by utilization of BCP 
lithography and subsequent coupling of functional peptides and growth factors to the BCPs. 
Specifically, we used a diblock copolymer (BCP) derived from PS-b-PEO that has been previously 
shown to self-assemble into nanostructured patterns using rather simple methods [37]. The 
sequential use of functionalization strategies that are commonly known as “click chemistry”, 
enabled the attachment of a biomolecule of interest to the BCP nanopatterns.  By utilizing the self-
assembly of functionalized block copolymers to achieve chemically tunable, precisely-defined, 
large area nanopatterned scaffolds for cell cultures, we developed biofunctional materials in a 
modular fashion that can be hierarchically patterned at the micro- and nano- scale through a 
combination of photolithography and BCP self-assembly. This enabled the systematic probing of 
cell-substrate interactions and elucidation of the subtleties of focal adhesion formation via a dual 





Figure 11. Patterning nanoscale enviroments. A schematic detailing the methods 
developed to pattern biomolecules at the nano and micro scale. 
Introduction 
The development and study of a benchtop, high-throughput, and inexpensive fabrication 




diblock copolymer of polystyrene-b-poly(ethylene oxide), PS-b-PEO, is synthesized with biotin 
capping the PEO block and 4-bromostyrene copolymerized within the polystyrene block at 5 wt 
%. These two handles allow thin films of the block copolymer to be postfunctionalized with 
biotinylated biomolecules of interest and to obtain micropatterns of nanoscale-ordered films via 
photolithography. The design of this single polymer further allows access to two distinct 
superficial nanopatterns (lines and dots), where the PEO cylinders are oriented parallel or 
perpendicular to the substrate. Moreover, we present a strategy to obtain hierarchical mixed 
morphologies: a thin-film coating of cylinders both parallel and perpendicular to the substrate can 
be obtained by tuning the solvent annealing and irradiation conditions.  
Current methods in patterning biomolecules with sub-50 nm resolution include 
immobilizing multiple types of proteins on a single substrate and constructing hierarchical 
architectures. The presentation of different proteins is an important step toward mimicking the 
complex biological constructs pervasive in nature. A robust, facile, and high-throughput technique 
for hierarchical patterning of multiple types of biomolecules in multiple morphologies with sub-
50 nm resolution is needed to drive the use of functionalized substrates for biological studies and 
screening technologies. Here, we present a bottom-up/top-down method for achieving hierarchical 
patterns of biomolecules through the self-assembly of a functional BCP coupled with 






Figure 12. Hierarchical patterning. (A) Chemical structure of P(S-co-BrS)-b-PEO-
biotin is shown. (B) Nanopatterning arises from BCP self-assembly and 
micropatterning is achieved by shadow-mask cross-linking. (C) Biotinylated 
biomolecules post-functionalize the (E) biotinylated PEO domains via the (D) biotin-
neutravidin interaction. 
 
Biomolecule patterning via BCP self-assembly is attractive because of its ease, high-
throughput nature, and ability to access nanoscale features (42-48). Among the various types of 
BCPs, polystyrene-b-poly(ethylene oxide) (PS-b-PEO) was chosen as the parent system due to its 
well established self-assembly behavior upon solvent vapor annealing (49, 50). Two functional 
handles were incorporated to the parent BCP: biotin for modular postfunctionalization and 4-
bromostyrene (BrS) for cross-linking. The numerous advantages of using biotin stem from its 
ubiquitous, high-affinity, specific interaction with neutravidin as a modular linker to introduce 
biotinylated biomolecules of interest. Thus, myriad biofunctional constructs can be accessed via a 
single polymer platform. Additionally, shadow-mask irradiation of cross-linkable thin films 
containing BrS with 254 nm light yields micropatterns after removal of uncross-linked regions. 
RESULTS 
To carry out the appropriate controls to biofunctionalize hierarchical patterns, a family of 




for cylindrical morphologies. The minority block, PEO, is the cylindrical domain embedded in the 
matrix of the majority block, PS. In this family of BCPs, PS-b-PEO serves as the nonfunctional 
control, PS-b-PEO-biotin is biofunctional but not cross-linkable, and P(S-co-BrS)-b-PEO-biotin 
represents the system for hierarchical patterning of biomolecules. While the relative volume ratios 
and total molecular weight of each block direct the nanoscale morphology and size of the 
microdomains formed upon self-assembly, the orientation of these microdomains with respect to 
the substrate is directed by the film thickness and solvent vapor annealing conditions. Atomic force 
microscopy (AFM) images of as cast thin films of all the polymers were featureless. Upon solvent 
annealing, AFM images of PS-b-PEO, PS-b-PEO-biotin (Figure 13B, 13E), and P(S-co-BrS)-b-
PEO-biotin (Figure 13C, 13F) show PEO cylinders oriented normal or parallel to the substrate, 
superficially displaying dots or lines, respectively. Each BCP affords access to two well-defined, 
nanometer-sized morphologies with minor adjustments to the processing conditions. Briefly, 
exposure to toluene/water or benzene vapors yielded PEO cylinders oriented normal or parallel to 
the substrate, respectively. Solvent vapor annealing was a suitable approach for thin-film self-
assembly because of its ease, speed, and lack of substrate dependence. These nanoscale patterns 







Figure 13. Morphology of thin film nanopatterns. (A-F)  Atomic force microscopy 
images of solvent vapor annealed thin films of (A,D) PS-b-PEO, (B,E) PS-b-PEO-
biotin, and (C,F) P(S-co-BrS)-b-PEO-biotin. (G,I) Morphology is confirmed with 
grazing-incidence small-angle X-ray scattering. Scale bar is (A-F) 200 nm. 
 
P(S-co-BrS) and P(S-co-BrS)-b-PEO-biotin both contain BrS copolymerized with styrene 
at 5 wt % to minimize its effect on self-assembly while maintaining robust cross-linking. The 
photo-activated cross-linking of S-co-BrS obviates the need for photoresists, thus rendering this 
system more suitable for high-throughput biocompatible applications. To fabricate micropatterns, 
the self-assembled BCP thin films were aligned with a commercially available lithographic quartz 
mask containing chromium micropatterns and subsequently cross-linked with 254 nm in a nitrogen 
atmosphere (Figures 14A, 15).  
 
Figure 14. Protocol for micropatterning of thin films. (A) General scheme for thin 
films of polymers containing 4-bromostyrene. (B-C) Additional combinations of 
morphologies accessible upon permutation of processing steps. (F) A bright field 
image of an array of hierarchical shapes on 280 nm silicon dioxide. (G) Fluorescent 
micropattern upon incubation with Alexa-Fluor 647 streptravidin. (A-F) Schematics 







Figure 15. Fabrication for hierarchical patterns of P(S-co-BrS)-b-PEO-biotin. (A) 
A picture of the final chip shows the hierarchical micropatterns (blue) on 280 nm of 
silicon dioxide on silicon (purple).  (B) Simple home-built mask aligner was used for 
micropatterning. 
 
Similar to a negative photoresist, the chromium micropatterns effectively block exposure 
to irradiation, leaving such regions uncross-linked and soluble in dichloromethane to be rinsed 
away. A bright-field image of P(S-co-BrS)-b-PEO-biotin micropatterns on 280 nm silicon dioxide 
displays patterns transferred from the mask (Figure 14F). Notably, the fidelity of the nanopatterns 
was slightly lost after the dichloromethane washes and required a second round of solvent 
annealing, but for a reduced amount of time. When a similar process was applied to BCPs without 
4-bromostyrene, PS-b-PEO and PS-b-PEO-biotin, the entire film was soluble when rinsed with 
dichloromethane. This demonstrates the importance of BrS as a cross-linkable unit to generate the 
hierarchical patterns. 
 The BCP architecture was designed such that the peptides are localized in the PEO 
cylindrical domains to mimic the length scales of focal adhesion receptors of cells [37]. Control of 
domain orientation in specific regions of a substrate poses as a potentially valuable technique to 
simultaneously investigate multiple nanoscale patterns of biomolecules within micron size shapes. 




typically require substrate modification or specialized equipment. For P(S-co-BrS)-b-PEO-biotin, 
dual presentation of morphologies is accessible by omitting the dichloromethane washes and 
permuting the solvent vapor annealing and cross-linking processes (Figure 16). A combination of 
dots, lines, and as cast is accessible. The boundary region of these mixed morphology patterns is 
observed by AFM, and clearly shows the transition between perpendicular and parallel cylinders 





Figure 16. Mixed morphologies of thin films of P(S-co-BrS)-b-PEO-biotin may be 
obtained by omitting a dichloromethane wash after irradiation and altering 
solvent annealing and irradiation conditions. A combination of one nanopattern and 
no pattern (as cast) may be obtained. Alternatively, both nanopatterns (dots and lines) 
may be simultaneously achieved on a single substrate. 
 
By introducing biotin through end-functionalization of the PEO block, self-assembled thin 




template to pattern biomolecules of interest with single protein precision (Figure 7). Post-
functionalization with the neutravidin-biotin motif is an attractive approach because biomolecules 
are incorporated under mild conditions, many biotinylated compounds are commercially available 
or easily prepared, and self-assembly conditions do not need to be optimized per biomolecule 
(Figure 16 C-E). 
 
Figure 17. Immunofluorescent images of hierarchical patterned cells. (A-C) Human 
mesenchymal stem cells grown on hierarchical patterns fabricated with P(S-co-BrS)-b-
PEO-biotin on gold-coated glass substrates passivated with oligoethylene glycol. Scale 
bar is 50 µm. 
 
The ability to simultaneously pattern two proteins with little synthetic changes needed for 
the BCP and protein of interest can be challenging. Here, we demonstrate that our systems can 
exploit the combination of non-specific and site-specific interactions to pattern two different 





Figure 18. Microscopy images of hMSCs on hierarchical patterns on glass. (A) 
Bright field image shows hMSCs but (B, C) SEM is needed for contrast to image both 
the hMSCs and micropatterns. Cells are seeding non-selectively on both the 
micropatterned regions and  the surrounding glass background.  
 
 Given the broad implications for various applications of these coatings, we sought to 
investigate the biocompatibility of the hierarchical coatings with human mesenchymal stem cells 
(hMSCs). Hierarchical patterns were prepared and subsequently biofunctionalized with 
neutravidin then biotin-RGD. Gold-coated substrates coupled with a final passivation step with 
oligoethylene glycol were necessary to prevent cell adhesion as observed on glass (Figure 18, 19). 
 
Figure 19. Microscopy images of hMSCs on hierarchical patterns on gold/Ti/glass 
passivated with EG3. (A, B) Bright field images show selective hMSC attachment to 
the micropatterns. (C) After unattached cells have been rinsed away, a micropattern of 
hMSCs on a clean background is observed. Red: actin, green: vinculin, blue: nucleus.  
 
 hMSCs showed confinement within the micropatterns (Figure 20). Focal adhesions were 
visualized using vinculin staining, and we found them to be prominently distributed throughout 





Figure 20. Patterning of human stem cells. (A-C) Human mesenchymal stem cells 
grown on hierarchical patterns fabricated with P(S-co-BrS)-b-PEO-biotin on gold-
coated glass substrates passivated with oligoethylene glycol and stained for actin (red), 
vinculin (green), and nuclei (blue). Scale bar is 50 um. 
 
Previous studies of micron-sized shapes show that focal adhesions mostly located at the 
periphery. Moreover, we observed that the cell occasionally spreads into the passivated regions 
but cell spreading and presence of focal adhesions are prevented (Figure 20). When a cell is seeded 






Figure 21. Additional confocal images of hMSCs on hierarchical patterns of P(S-
co-BrS)-b-PEO-biotin. (A) Cells are observed on regions with the polymer. (B) 
Occasionally, hMSCs may seed on a passivated region but fail to develop focal 
adhesions and actin fibers. Red: actin, green: vinculin, blue: nucleus.  
 
 These observations have triggered additional studies to investigate in detail cell-substrate 
interactions using various hierarchical patterns, and will be the subject of future studies. The key 
focus of these studies were to control, for the first time, hierarchical order of biomolecules in a 
way that is accessible from a single BCP, using bench-top processing. 
Conclusion 
The generation of hierarchical patterns of biomolecules was demonstrated with P(S-co-
BrS)-b-PEO-biotin, where the bottom-up self-assembly affords sub-50 nm patterning and top-
down photolithography led to hierarchical patterns. The three morphologies are composed of as-
cast (featureless), cylinders perpendicular (dots), and cylinders parallel (lines) and can be produced 
on various substrates such as silicon, glass, and gold. BrS serves as a mild cross-linkable unit 
without compromising the self-assembly behavior of the BCP. By permuting the solvent vapor 
annealing, cross-linking, and rinsing processing steps, various combinations of the three 




hierarchical presentation of biomolecules, which pose a platform reminiscent of nature, albeit with 
reduced dimensionality. Future studies are aimed at thoroughly investigating cell adhesion, 
motility, and differentiation, among other mechanisms, using hierarchical patterns of 
biomolecules. Here, we demonstrated a viable strategy for the development of sophisticated 2D 
extracellular matrix mimics from a modular BCP. In the future, we postulate that such a technology 
may allow the patterning of several protein synergic components at well-defined positions to more 
easily dissect biomolecular activity and interactions with living organisms. 
 
4.3 PATTERNING GEOMETRIC AND TOPOGRAPHICAL ENVIRONMENTAL CUES AT THE NANO AND 
MICROSCALE LEVELS TO DIRECT CARDIAC MORPHOGENESIS AND FUNCTIONAL SIGNAL 
PROPAGATION. 
In order to fully harness the potential of stem cells within regenerative medicine, it is 
necessary to develop a full understanding of the diverse set of cues guiding stem cell growth and 
differentiation. Geometric and topographical environmental cues guide the differentiation of 
pluripotent stem cells into mature cardiac phenotypes exist at the microscale and nanoscale levels. 
These geometric and topological biophysical cues will be investigated at the nano and micro scale 
levels and subsequently used to direct myogenic iPS cell differentiation in 3D settings, which are 
more physiological and will enable us to further probe into the signals dictating cardiac 
morphogenesis.  
Results 
Repairing the structure and function of myocardial tissue impaired by cardiovascular 




nanometer scale, biophysical cues that drive the establishment of proper ion channels and gap 
junctions are critical for electrical signal propagation. At the micrometer scale, efficient transport 
of nutrients and wastes is critical for supporting the high metabolic demands of cardiac tissue. The 
establishment of effective vascular and capillary networks enables larger tissues to be engineered. 
At the millimeter scale, biophysical cues are used to anisotropically align cardiomyocytes. Here, 
electromechanical stimulation upregulates the establishment of tight structural and contractile 
connections, through excitation-contraction coupling.  
While scaffolds provide templates for structural organization of the cells, it is expected that 
they will be degraded over time and gradually replaced with the new matrix upon implantation 
into the myocardium. As more studies of tissue engineered myocardial regeneration are conducted, 
the mechanisms behind their beneficial role can be established. The motivation for patterning 
within 3D environments comes from the growing notion that cellular morphology and signaling in 
2D cell cultures does not accurately depict native tissue milieu and 2D responses do not necessarily 
translate into the in vivo responses. Thus, there is a strong need to move from 2D cell models to 
more biologically relevant 3D models. The proposed approach will allow us to compare the 2D 
and 3D results with variation of the same parameters. Current limitations to patterning at the micro 
and nanoscale levels arise from the difficulties of patterning on soft materials, which are typical of 
cell scaffolds. Further specifying the 3D arrangements of these cell types is anticipated to enhance 
mature tissue development. By varying the 3D arrangements of cardiac tissue cells, we will study 
how these changes affect cell fate and the propagation of electrical signals. Thus, the nano and 
microscale control of cardiac tissue components will allow us to study the physiologically relevant 





3D patterning of nano and micro scale geometric and topographical environmental cues 
Controlling the presentation of the microenvironment at the nanoscale level can be 
translated to the way the cell interacts with other cells, the ECM, and arranges its internal cellular 
structures. The desire to control patterning within 3D environments stems from a global concern 
that cellular morphology and signaling in 2D cell cultures do not accurately depict native cells and 
thus, 2D responses may not translate to in vivo responses [39]. Thus, there is a strong need to move 
from 2D cell models to more biologically relevant 3D models. This approach will allow us to 
compare our 2D results with the 3D results obtained from the variation of similar parameters, 
which will allow us to further infer the in vivo responses as well as provide insight into the 
validation of previous 2D studies in the field.   
Microscale pillars and gratings (grooves) are versatile geometries for the study of 
mechanotransduction [40]. Pillars formed from elastomers like PDMS can be made as small as 
100 nm. By adjusting the relative pillar length and diameter, the stiffness of the pillar can be 
adjusted over several orders of magnitude. A substrate consisting of densely spaced pillars can 
mimic a surface significantly softer than the material the pillars are composed of.  
Matrix elasticity is a key component in modulating cell-matrix interactions [39]. However, 
it is difficult to modulate bulk matrix elasticity independently of bulk chemical composition. The 
material chemical composition plays a significant role in how integrins and other adhesion 
molecules cluster in individual cell-matrix adhesions [23]. Surface chemistry and composition can 
in principle be independently controlled on pillar substrates, by varying the pillar lengths. Existing 
experiments in this direction were limited to micron scale pillars, which are known to perturb focal 
adhesion formation in comparison to continuous surfaces. The development of our platform, in 




Columbia, enabled the testing of CM attachment and subsequent function in response to pillars of 
micron and submicron scales to elucidate separate effects of surface chemistry, effective rigidity 
and topography on mechanotransduction in CMs.  
The use of a high throughput platform enabled the screening of a wide range of ECM 
geometries for screening cell-matrix interactions in cell culture. Up to this point, most published 
work with nano- and microstructured substrates tested a few geometric parameters at a time due 
to difficulty of making multiple samples. A major innovation in the Hone lab was the development 
of an advanced PDMS nanopillar platform, that has a form factor of a 24, 96 or 384 well plate to 
allow researchers the opportunity to test a multitude of geometries in conjunction with chemical 
factors in separate wells in parallel (Figure 22). 
 
 
Figure 22. Controlling biophysical cues at the nanoscale level. (A) A 384 well plate 
developed in the Hone lab with a transparent PDMS bottom containing (B) a PDMS 
sheet molded into nanopillar structures as detailed by the differing diffraction of light. 
(C) A depiction of how the plate can be used to study a combination of biophysical 





Identification of geometric parameters, which promote cell alignment and modulate 
morphology of differentiating CMs 
By culturing the cells on these geometrically defined nanostructured substrates, we were 
able to investigate the geometric parameters involved in mechanotransduction. 
Mechanotransduction in stem cells involves changes in focal adhesion and integrin clustering that 
ultimately lead to actin-myosin cytoskeleton reorganization. Considering that the size scale of non-
muscle myosin IIA is ~300nm, it is not surprising that sizes in this range were able to upregulate 
mechanotransduction and synchronize calcium transients amongst neighboring cells through the 
formation of gap junctions (Figure 23).  
 
 
Figure 23. Neonatal rat CMs on nanopatterned PDMS pillars. Neonatal rat 
ventricular CMs were cultured for 7 days on PDMS substrates with pillar diameters of 
(A) 275nm, (B) 500nm, and (C) 750nm. Insets show the formation of gap junctions 





Role of nanoscale pillar geometries on the formation of focal adhesions and anisotropic cell 
alignment 
We also studied how the pillar diameters affected focal adhesion formation and anisotropic 
cell alignment at, below and above the 300 nm length scale of focal adhesions and integrin clusters. 
One of the main obstacles in performing structure-function studies has been the lack of 
experimental model systems that can provide reproducible, readily accessible, and well-controlled 
cardiac tissue structure along with direct functional feedback. In particular, studies in intact cardiac 
tissues (in vivo or ex vivo) are currently limited by the inability to simultaneously assess three-
dimensional (3D) electrical propagation along with the microscopic details of the underlying tissue 
structure. Even if this were possible, the intrinsic lack of reproducibility of structure and function 
in natural tissues would complicate systematic correlations between electrical and structural 
measurements across different hearts. Furthermore, the natural spatial heterogeneities in ion 
channel expression throughout the heart can confound studies of purely structural effects on 
impulse conduction. Therefore, ideal cardiac preparations for systematic structure-function studies 
should exhibit spatially uniform functional properties along with tissue structure that is simplified, 
reproducible, and controllable. In vitro models of cardiac tissue, specifically monolayer cultures 
of ventricular cells on varying geometrical and topographical substrates, can provide the necessary 
geometrical and functional simplifications while also allowing the direct quantitative assessment 
of structure-function relationships. 
Neonatal cardiomyocytes in culture exhibit relatively uniform ion channel properties and 
can be readily patterned with controllable location, orientation, and cell shape by depositing 




mapping techniques enable investigators to directly relate impulse propagation in monolayers to 
their underlying cellular architecture, thereby providing invaluable insight into the relationships 
between the structural and electrical properties of cardiac tissue. To evaluate whether the pillars 
had an effect of maturing cardiac tissue function we evaluated the calcium signal synchronicity 
and propagation on various pillar sizes (Figure 24). Additionally, we examined the formation of 
gap junctions which directly control the cells’ ability to propagate electrical impulses.  
We developed high throughput methods to investigate and isolate these cues in order to 
harness their ability to direct cellular behavior. The specific approach of nanopatterning 
anisotropic environments to promote cellular alignment will enhance the cardiac differentiation 
potential of iPS cells to yield cardiomyocytes that are more functionally mature, and thus, 
biologically relevant. Recent data indicates that physical parameters, in addition to biological and 
chemical factors, play an equally significant role in stem cell fate. We established methods to 
investigate and isolate the geometrical and mechanical parameters of extracellular matrix (ECM) 
on micro and nano scale control stem cell fate during growth and differentiation cues in order to 
harness their ability to direct cellular behavior. These methods enabled the development of 
nanotopographies to enhance alignment of cardiomyocytes during differentiation, and 






Figure 24. Synchronicity of calcium transients. (A-E) Rat neonatal ventricular CMs 
were cultured on a PDMS surface without pillars (A) or on 1µm diameter pillars(B-E)  
and demonstrate enhanced synchronization and beating amplitude in comparison to 
cells cultured on flat surfaces (i.e. without pillars). 
 
Success was assessed by the extent of functional cell coupling and signal propagation, 
through synchronized beating frequency analysis, non-arrhythmic calcium signal propagation and 
native-like electrical activity. Overall, the introduction of pillars enabled an increase in cardiac 
signal synchronicity, as seen in Figure 24. 
We observed two ideal spatial geometric thresholds as feature size/spacing was decreased 




feature size fell below 1um (Figure 25). Cardiomyocyte focal adhesion changed from discrete 
(focal adhesion forming around individual pillars), to continuous, as the cell can no longer ‘see’ 
the individual geometric objects and perceives the nano-geometries as a continuous, flat interface. 
The second behavior threshold was geometry size when decreased significantly smaller than a 
single myosin IIA molecule unit. At this point the distance between focal adhesions could fall 
below the length of a sacromere-like rigidity-sensing unit and prevented the establishment of 
synchronous contractions between neighboring CMs.  
 
 
Figure 25. Analysis of calcium fluxes of rat neonatal cardiomyocytes cultured on 
1um diameter PDMS pillars. (A-F) Rat neonatal cardiomyocytes were cultured on 
1um diameter PDMS pillars and their calcium transients were measured after 7 days of 
culture as detailed by (A) a heat map of the overall calcium activation levels averaged 
over the length of acquisition time and (B-F) subsequent analyses of region specific 
traces of calcium transients over time, detailed by box color and location in (A). Scale 
bar = 20 µm. 
 
Discussion 
Instead of individually maturating CMs, the process of cardiac morphogenesis, which is 
also regulated by the interplay between biochemical, mechanical and electrical stimuli, can be 




tissue. It has been shown that mechanical forces profoundly affect cardiac development and 
morphogenesis, while electrical forces are required to preserve cardiac chamber morphology and 
may act as a key epigenetic factor in cardiac remodeling. The heart experiences its own mechanical 
loading, as well as forces from fluid flow during development, both of which contribute to 
cardiogenesis [16]. The complex patterns of mechanical loading coordinate major changes in the 
form and function of the heart. The heart begins development from a linear tube. Then the tube 
loops around, fuses, and reconnects itself—all while remaining to function as a pump [23].  
Recapitulation of the native heart environment during development within in vitro settings 
enables hiPS-CM maturation while also bridging the gap between current approaches. One of these 
approaches includes the use of isolated cues to control the spatiotemporal alignment of cardiac 
tissue, which ultimately creates a tissue that lacks proper organization and thus, also has ineffective 
signal propagation. The other approach involves the use of scaffold development techniques which 
lack the synergistic incorporation of multiple patterning hierarchies. Both of these approaches are 
inadequate and thus, the findings from this study can be used to synergistically add methods for 
regulating biophysical cells at the macro scale level to promote mature cardiac tissue development. 
Overall, by replicating these biophysical cues in vitro, we found that neonatal rat CMs 
demonstrate an increase in inter- and intra-cellular beating synchronization on PDMS pillar 
substrates. Such an environment would enable a more mechanically desirable environment than 
traditional 2D culture methods, and supported further by these findings. 
4.4 MICRO-SCALE PATTERNING OF CELLS TO STUDY INTRINSIC CELLULAR RESPONSES TO 
GEOMETRICALLY IMPOSED CUES  




Left-right (LR) asymmetry (handedness, chirality) is a well-conserved biological property 
of critical importance to normal development. Changes in orientation of the LR axis due to genetic 
or environmental factors can lead to malformations and disease. While the LR asymmetry of 
organs and whole organisms has been extensively studied, little is known about the LR asymmetry 
at cellular and multicellular levels. Here we show that the cultivation of cell populations on 
micropatterns with defined boundaries reveals intrinsic cell chirality that can be readily determined 
by image analysis of cell alignment and directional motion. By patterning 11 different types of 
cells on ring-shaped micropatterns of various sizes, we found that each cell type exhibited definite 
LR asymmetry (p value down to 10-185) that was different between normal and cancer cells of the 
same type, and not dependent on surface chemistry, protein coating, or the orientation of the 
gravitational field. Interestingly, drugs interfering with actin but not microtubule function reversed 
the LR asymmetry in some cell types. Our results show that micropatterned cell populations exhibit 
phenotype-specific LR asymmetry that is dependent on the functionality of the actin cytoskeleton. 
We propose that micropatterning could potentially be used as an effective in vitro tool to study the 
initiation of LR asymmetry in cell populations, to diagnose disease, and to study factors involved 
with birth defects in laterality. 
Introduction 
Left-right (LR) asymmetry is a conserved fundamental characteristic of living organisms; 
ranging from the twining of climbing plants [41], to the helices of snail shell [42], to the bilateral 
asymmetry of human body [43]. Almost all human visceral organs are LR asymmetrical in position 
and shape. The complete mirror-image reversal of internal organs (situs inversus totalis) does not 
usually cause major health issues, but it is surprisingly rare and only occurs in one per 20,000 




on the other hand, often have severe consequences.  Birth defects in laterality are often a result of 
heritable genetic diseases such as Kartagner syndrome and chemical agents such as prenatal 
exposure to retinoic acid [45], and sometimes associated with other diseased conditions such as 
breast cancer [46] and maternal diabetes [47, 48]. Therefore, it is not only of eminent scientific 
interest but also of great clinic importance to investigate the mechanisms associated with the 
establishment of LR asymmetry. 
In past decades, many models or theories have been proposed for establishing the LR 
asymmetry using different animal embryos. These include the unidirectional nodal flow driven by 
rotating primary cilia [49, 50], the LR gradient of pH and membrane potential produced by 
asymmetric expression of ion channels [51, 52], and asymmetric vesicular transport to adherens 
junction carried by type ID unconventional myosin along actin cable networks [53-55]. However, 
there are concerns that one valid model derived from an animal such as a mouse may not apply to 
all living organisms, all invertebrates, or not even all mammals [56, 57]. In addition, direct 
manipulation of the human embryo for the LR study remains an unavoidable ethical issue. 
Therefore, it is necessary to develop simple alternative tools for investigating the cellular LR 
asymmetry, in particular, for the cells of different phenotypes from the human body. 
In the development of the human body plan, the LR axis emerges secondarily to, and 
requires the predomination of, the other two axes, known as the dorsal-ventral (DV) and anterior-
posterior (AP) axes, which are defined by the position of sperm entry into the egg. The early 
determination of the LR axis provides the basis for later its manifesting into asymmetric gene 
expression at the multi-cellular level and further developing asymmetric organs [58]. Although the 
exact mechanism is still unknown, the initiation of LR asymmetry is believed to rely on a certain 




actin/microtubule cytoskeleton [59, 60]. The orientation of this particular molecule or structure 
allows the cells to derive the LR axis from the pre-determined DV and AP axes.  
Results 
We cultured the C2C12 murine myoblasts on ring-shaped micropatterns and used the 
resulting phase contrast images, in which cell contour appears brighter than the inner cell region, 
to measure cell alignment (Figure 25), as indicated by the green lines [61]. Each green line was 
assigned a biased angle between -90° and 90°, based on its deviation from the circumferential 
direction (blue dash line); a positive value represented a counter clockwise (CCW) alignment, 
while a negative value represented a clockwise (CW) alignment (Figure 25C). An angular 
histogram (Figure 25D) and the radial distribution (Figure 25E) of the measured angles revealed 
preference for positive angles, corresponding to the CCW bias. In > 30 independent series of 
experiments using > 1,000 individual rings (Figure 25F), the C2C12 cells showed CCW alignment 
with a biased angle of 8.47° ± 0.20° (mean ± SEM), with very strong statistical significance (p = 






Figure 25. Mouse myoblasts (C2C12) show distinct left-right asymmetric 
orientations on patterned surfaces. (A) C2C12 cells grow on the micro-patterned 
surface, scale bar: 200μm. (B) Mathematical quantification of C2C12 cell alignment 
and chirality on the ring pattern where the green lines indicate the direction of cell 
alignment. (C) The biased angle of cell alignment, shown in green lines, is defined as 
either ‘clockwise’ or ‘counter-clockwise’, depending on the angle of deviation from the 
circumferential direction (blue dash line). (D) The circular histogram of biased angles 
on the ring pattern (green lines in B) shows a notable bias in cellular alignment towards 
‘counter-clockwise’ with a positive mean angle of all sub-regions. (E) The 
circumferential averages of the sub-regional biased angles vary at different radial 
positions on the ring. Error bars stand for standard error of biased angles at each radial 
position. (F) The histogram of the mean biased angles (per ring) of C2C12 cells from 
over 1000 individual ring patterns in more than 30 independent experiments. 
 
Other geometries such as circles, squares, and linear strips were also tested. Biased cell 
alignment was observed on linear strips and rings but not on circles and squares, suggesting the 
importance of appositional boundaries for the expression of chirality. Because equivalent bias in 
cell alignment was observed on linear strips and rings of different sizes, rings with an inner 
diameter of 250 μm and a distance of 200 μm between the inner and outer boundary were used in 
subsequent studies. 
 
Cell Chirality on Patterned Surfaces Depends on Cell Phenotype. 
We then tested a panel of mouse, rat, and human cells derived from skeletal muscle, bone, 
adipose tissue, skin, heart, and blood vessels (Figure 26). Cell phenotypes included myoblasts, 
osteoblasts, endothelial cells, fibroblasts, and mesenchymal stromal/stem cells. All cells exhibited 
distinct chirality after they reached a confluency of approximately 75% and were cultured 
overnight. Interestingly, mouse (C2C12) and human skeletal muscle cells (hSkMCs) showed a 
CCW alignment, while all other cell types exhibited a CW alignment (Figure 26). Cancer skin 




the same individual. These data suggest that adherent mammalian cells exhibit an invariant 
chirality determined by the cell phenotype and disease condition. 
 
Figure 26. Left-right asymmetry on patterned substrates depends on cell 
phenotype. (A) Phase contrast images of 10 different types. The C2C12 cells and 
human skeletal muscle cells exhibit a counter-clockwise alignment while other listed 
cells show an opposite clockwise alignment. (B) Table of the chirality of 10 different 
types of cells from various sources. Here “-” indicates that cells were isolated in the 
lab. CW: clockwise alignment, CCW: counter-clockwise alignment, and N/S: not 





LR Asymmetry on Micropatterns Is Established by Mechanisms Involving Cellular 
Directional Migration on Boundaries.  
For cells on a patterned geometry to display their chirality and to distinguish between left 
and right (y axis), the polarity of the z axis (up-down) and x axis (front-back) must be established 
(Figure 27A). Notably, the z axis was established independent of gravity direction, as the same 
biased alignment (relative to the cellular apical-basal axis) was observed experimentally in regular 
and vertically inverted cell cultures. The geometric boundaries determined organelle positioning 
(i.e., x axis), with intracellular centrosomes and the Golgi apparatus (Figure 27C) being positioned 
closer to the boundaries than the cell nucleus [62], independent of the gravitational direction. In 
addition, cell chirality was maintained on patterns with different surface chemistry [63], after the 
disruption of cadherin function by reducing calcium levels [64], and the inhibition of cell 






Figure 27. Left-right asymmetry on patterned rings is established over time by 




A. Three axes of cells on patterned surfaces: cell polarity and chirality. A1. A 
schematic of cells on a ring, which "see" z axis through attaching to and forming 
adhesions on the underlying substrate and x axis through contacting and elongating 
along the edges of the ring. The cell alignment bias towards the positive or negative 
direction of y axis creates the observed cellular chiral behavior or left-right asymmetry. 
A2. The cells retained their chirality under inverted culture (upside down) as compared 
to that at normal condition. CW: clockwise alignment, CCW: counter-clockwise 
alignment, and N/S: not significantly biased to CW or CCW. A3. Cell chirality did not 
alter with protein coating with fibronectin, Type I collagen, laminin and Matrigel. A4. 
Cell chirality is conserved with reduced cell-cell interactions under low calcium 
conditions induced either by the addition of a calcium chelator, EGTA, at different 
concentrations or by using calcium-free culture medium. A5. The actin (red) and 
tubulin (green) staining of C2C12 cells shows that cells on the edges positioned their 
centrosome (bright green), rather than their nuclei (blue), closer to ring edges. Scale 
bars: 50µm.  
B. Cellular alignment of patterned C2C12 cells over time. B1. Phase contrast images of 
the cells (top) at 5, 10, 20, and 40 hours after cell seeding and the corresponding 
histograms (bottom) of biased angles from the sub-regions for each image. Scale bar: 
100 μm. B2. The time history of the mean biased angle of C2C12 cells on a ring, with 
the insert for cell number increasing exponentially with time. The time-lapse video 
lasts ~40 hours with a time interval of 5min. 
C. Cell migration of C2C12 cells with time during 15 - 20 hours, as the chirality is 
built. C1. Seven representative cells on the inner/outer ring are trackd for cell migration 
with current positions indicated by solid squares. C2. Average velocity field of cell 
migration is calculated with digital image correlation techniques, with the migration 
direction indicated by arrow direction and the speed by the length of each arrow. C3. 
Average cell migration speed along the circumferential direction (VƟ) and the radial 
direction (Vr) varies with radial positions. 
D. Cell polarity, alignment, and migration of human umbilical vein endothelial cells 
(hUVECs), which exhibit a typical clockwise alignment. D1. The golgi apparatus (red) 
is located closer to edges than cell nucleus (blue) is. D2. The histogram of mean biased 
angles (per ring) for hUVECs from over 300 individual rings indicates a clear 
clockwise bias. D3. Average velocity field of hUVECs on the ring is calculated for the 
period when cell chirality is established (i.e., 15-20 hours). D4. The variation of cell 
migration speed along the circumferential direction at inner and outer ring with time. 
 
For further insight into the biased cell alignment, we analyzed C2C12 cell motion over 
time (Figure 27C). When the cells were seeded sparsely, no clear bias in motion or alignment was 
observed over more than 20 hrs of culture. For a higher cell density seeding, cell alignment did not 
show a clear bias before confluency (Figure 27D-E). These data suggest that significant inhibition 




express subtle directional migration and biased alignment. The cells were labeled and tracked 
along the inner and outer ring pattern and the cell migration velocity was estimated by digital 
image correlation [65]. The speed of migration was higher at the inner and outer ring boundaries 
than within the interior region (25 μm/hr vs. 10 μm/hr; p < 0.05). The average velocity (Figure 
27F) and the velocity changes in radial and circumferential directions (Figure 27G) demonstrated 
that the cells migrated in the CW direction (at 8 μm/hr) at the inner ring boundary (p < 0.05), and 
in the CCW direction (at 4 μm/hr) at the outer ring boundary (p < 0.05). 
At the level of an individual cell, this seemingly opposite circular motion of cells on the 
inner and outer boundary is in fact consistent with biased migration. Based on cell polarization at 
boundaries, the x axis can be defined as the direction from the nucleus to centrosome [66], as 
shown in Figure 27A. In other words, the cells “face” outward on the outer ring, and inward to 
the center on the inner ring. Thus, for the C2C12 cells, the biased migration can thus be considered 
as “leftward bias” along both the inner and outer ring boundary. Also, observed biased alignment 
of the cells on micropatterns is related to the directional migration at the boundaries, as seen for a 
C2C12 cell migrating toward a boundary and adopting the leftward biased migration. Because cell 
polarization and biased migration occur at the boundaries of micropatterns, cell proximity to a 
boundary is necessary for the expression of chirality. This finding was further supported by the 
biased cell alignment being most clearly seen in the regions close to the boundaries, especially for 
less elongated cells such as cardiac fibroblasts (Figure 26A). 
The mean biased angle of human umbilical cord endothelial cells (hUVEC) on rings was 
similar in magnitude to that of C2C12 cells but was negative (-8.47° ± 0.33°, n = 388), indicating 
a CW alignment. By the time the cell chirality was established (15–20 h after seeding), cells along 




μm/hr vs. 20 μm/hr; p < 0.05). In contrast to C2C12 cells, hUVEC migration was in the CCW 
direction (15 μm/hr) at the inner ring boundary (p < 0.05) and in the CW direction (20 μm/hr) at 
the outer ring boundary (p < 0.05) (Figure 27 H, I). Based on the x axis directed from the nucleus 
to the centrosome/Golgi apparatus, the migration of hUVECs exhibited a “rightward” bias. 
 
Chirality of Muscle Cells Requires Functional Actin but not Tubulin 
To investigate the roles of actin and tubulin, cyoskeletal proteins putatively linked to cell 
chirality [41, 47, 67], we used drugs to alter the dynamics of their polymerization and 
depolymerization (Figure 28 A, B). For C2C12 and hUVEC cells, cell alignment on 
micropatterned rings followed a dose-dependent response. Low concentrations of the actin 
treadmilling inhibitors (Latrunculin A, cytochalsin D, Jasplakinolide), which did not completely 
inhibit actin polymerization/depolymerization, reversed the chirality of C2C12 cells from CCW 
into CW. In contrast, inhibitors of tubulin dynamics (Nocodazole, Taxol) at concentrations below 
those resulting in cell apoptosis or inhibition of cell migration did not change cell chirality. Similar 







Figure 28. Effects of drugs blocking the actomyosin motor. (A) Phase contrast 
images and (B) corresponding chirality data of C2C12 cells under drug treatment. 
Scale bar = 100 µm. 
 
The CCW bias of the cells depended on the function of actin but not nonmuscle myosin II 
(Figure 28). In contrast to C2C12 cells, the drugs tested could not reverse the chirality of hUVEC 
cells or rat cardiac fibroblasts. Collectively, these data suggest that functional actin is required for 
the muscle cells exhibiting CCW bias but not the cells exhibiting CW bias. Interestingly, C2C12 
cells treated with Latrunculin A polarized in the same fashion as the untreated cells (Fig. 4C), as 
evidenced by organelle positioning relative to boundaries, suggesting that the drug did not alter 
cell polarization. Analysis of cell migration (Movies S8 and S9) showed reversal at the boundaries 
(Fig. 4 D and E), with the cells migrating CW along the outer ring and CCW along the inner ring 




polarized and migrated in the same fashion as the untreated controls (Fig. S6 in SI Appendix). 
Thus, inhibition of actin function reversed the CCW chirality and the biased migration of C2C12 
cells. 
The establishment of cell asymmetric alignment on micropatterns required definite 
polarization and directional migration of the cells on appositional boundaries of geometries such 
as rings and long strips. Compared to the cells cultured on large surfaces, and microscale circles 
or squares, rings and strips provided narrow space for the cells to align and to sense boundaries. 
In addition, appositional boundaries offered a primary direction for the cells to elongate and 
migrate, such that any bias in cellular LR decision would be amplified, leading to directional 
motion. Such a mechanism required at least two-cell width between opposing boundaries (> 20 
μm). Otherwise, a single cell would receive confusing signals by simultaneously touching both 
boundaries, and not express definite polarization or directional migration. 
During native development, boundaries are established by cell populations 
compartmentalized into distinct functional units (e.g., in Drosophila wing), in response to gradients 
of morphogens [68], and differential adhesion and cortical tension [63]. Interestingly, even at the 
four-cell and eight-cell stages, the snail embryos exhibit a biased alignment, which has a similar 
response to the drugs (i.e., Latrunculin A and Nocodazole) as mammalian muscle cells [69]. 
We propose that cell chiral alignment is associated with cell migration based on the 
following observations: (i) The cells are randomly oriented right after seeding, and the 
establishment of cell alignment required cell motion; (ii) biased alignment was initiated at the same 
time as the directional motion of cells on boundaries; and (iii) the chirality of cell alignment was 




Latrunculin A treatment, the chirality of C2C12 cells was reversed, as was the biased motion of 
cells on boundaries. 
From the chirality data of muscle cells treated with Latrunculin A, we infer that it is 
possible that two competing mechanisms coexist within cells to determine their LR decisions or 
chirality. One mechanism would require actin function and lead to the intrinsic leftward bias at the 
boundaries and subsequent CCW alignment in chiral morphogenesis. The second mechanism 
would induce intrinsic rightward bias at the boundaries and a CW alignment in chiral 
morphogenesis. Our drug treatment studies do not exclude the role of microtubule/centrosome in 
determining cell chirality, especially for the rightward bias, which is worthy of further 
investigation. The differences in chirality may be due to the higher expression of actin in muscle 
cells than other cells [70], necessitating identification of cell-type-related determinants of chirality 
in tissue development. Interestingly, actin-dependent mechanisms were reported to account for 
chiral properties of the Xenopus egg cortex [71], early development of asymmetry in Xenopus 
embryos [72], and cardiac looping in vertebrate embryos [73, 74]. In addition, alternations in actin 
polymerization were reported to regulate phonotypical events in malignant cells [75]. Further 
studies are necessary to evaluate the role of actin expression levels in the establishment and 
reversal of cell chirality, possibly mediated through the noncanonical Wnt signaling pathway, 
which plays a critical role in pattern determination during embryonic development [53]. 
In summary, cells cultured on micropatterns with well-defined appositional boundaries 
exhibit chiral morphogenesis that can be readily determined by analysis of cell alignment and 
directional motion. For cell populations to express chirality on micropatterns, it was necessary to 
provide: (i) close appositional boundaries for the cells to sense and polarize; (ii) certain confluence 




migrate. In studies of 11 different cell types cultured on thousands of ring-shaped patterns, we 
observed that the cell chirality was defined by the cell phenotype, and that the loss of actin but not 
microtubule function could reverse the CCW cell chirality. The simple and highly accurate in vitro 
platform developed in these studies could potentially be used to study the initiation of chiral 
morphogenesis and identify genetic, biochemical, and environmental factors leading to 
malformations. 
Discussion 
(PUBLISHED IN: STEM CELL RESEARCH & THERAPY 2013; DOI:10.1186/SCRT172) 
Micropatterning of Cells Reveals Chiral Morphogenesis 
Invariant left-right (LR) patterning or chirality is critical for embryonic development. The 
loss or reversal of LR asymmetry is often associated with malformations and disease. Although 
several theories have been proposed, the exact mechanism of the initiation of the LR symmetry 
has not yet been fully elucidated. Recently, chirality has been detected within single cells as well 
as multicellular structures using several in vitro approaches. These studies demonstrated the 
universality of cell chirality, its dependence on cell phenotype, and the role of physical boundaries. 
In this review, we discuss the theories for developmental LR asymmetry, compare various in vitro 
cell chirality model systems, and highlight possible roles of cell chirality in stem cell 
differentiation. We emphasize that the in vitro cell chirality systems have great promise for helping 




Left-right asymmetry in development and disease 
Organisms often adopt consistent left-right (LR) asymmetric positioning and morphology 
of internal organs, a phenomenon known as handedness or chirality. The chirality of biomolecules 
such as sugar and DNA has been recognized for a long time, but the origins of LR asymmetry in 
living organisms are not yet well understood. In general, the LR patterning is considered to follow 
four steps: (i) LR symmetry breaking by orienting the LR axis with respect to the anteroposterior 
and dorsoventral axes [76]; (ii) transferring initial chiral information into LR positions in a 
multicellular field; (iii) LR asymmetric expression of signaling molecules; and (iv) asymmetric 
morphogenesis of visceral organs induced by these molecules [69, 77, 78]. Proper LR patterning 
requires reliable breaking of LR symmetry at early developmental stages as well as the 
transmission and amplification of LR signals at later stages. Defects in any of the four steps may 
lead to severe outcomes in laterality. For instance, during the asymmetric gene expression, the 
midline structure functions as a barrier and keeps left-sided signals from affecting the right side, 
and vice versa [79]. Midline defects result in disturbances of normal laterality. 
Abnormality in LR asymmetry is also closely associated with disease. First, abnormality 
in LR signaling often leads to malformations, including situs ambiguus (one or more organs in the 
mirrored position) and situs inversus (all internal organs in mirrored positions). These defects may 
result from heritable genetic diseases such as Kartagener syndrome, or prenatal exposure to 
teratogens [6]. Maternal diseases such as diabetes can also trigger laterality defects [47, 48]. 
Second, many diseases are associated with LR asymmetry [80, 81]. The incidence of cancer 
significantly changes with laterality, with stronger occurrence of lung, testis, and ovarian cancer 
on the right side, and breast cancer and melanoma on the left side [81]. The upper limb 
malformations associated with Holt-Oram syndrome are also more common on the left side [82]. 




associated with asymmetric organ mass or personal handedness and therefore remains 
unexplained. 
Third, there is a strong correlation between breast cancer and abnormal cerebral asymmetry 
[83]. Altogether, these findings suggest that disease and abnormal LR asymmetry are closely 
related, and may share common developmental origins, whether environmental or genetic [83-86]. 
Therefore, it is of great scientific interest and clinic significance to investigate the LR asymmetry 
in development and disease.  
We focus on recent in vitro studies of LR asymmetry, within the overall context of LR 
patterning in development (i.e., LR symmetry breaking). Starting from the unsolved problems in 
two current models of LR symmetry breaking, we discuss in vitro studies of cell chirality, and their 
possible applications in vivo. 
LR Symmetry Breaking in Development 
The LR asymmetry breaking is widely considered to occur at the ventral node at the late 
neural-fold stage (Figure 29A). The node cells are well organized, and have beating primary cilia 
on their membranes, which drive a leftward flow, leading to the LR asymmetry of gene expression 
of Nodal and other proteins [87-89]. The LR asymmetry breaking via primary cilia has three 
essential characteristics: (i) a consistent posterior tilt of cilia, (ii) synchronized beating, and (iii) 
unidirectional cilia rotation (i.e., in the counter clockwise direction when viewed from the ventral 
side). The posterior orientation of cilia and concerted beating are believed to relate to the 
interaction between node cells, possibly through planar cell polarity [90-92]. However, the 
mechanism by which cilia beat in a unidirectional fashion remains unclear. In addition, evidence 
suggests that primary cilia may not play equally important roles in all cases [93, 94]. The LR 




development. The expression of sonic hedgehog (Shh) and fibroblast growth factor (FGF)-8 was 
found to be LR asymmetric before Nodal expression. In snails and Drosophila, primary cilia are 
not present during development, suggesting that other mechanisms are responsible for LR 
asymmetry breaking in early development.  
 
Figure 29. Two models for the initiation of left-right asymmetry in embryo 
development. A. Primary cilia model. The cells at the ventral node have their primary 
cilia position toward the posterior side, while these cilia spontaneously rotate in a 
counter-clockwise fashion and drive an effective flow toward the left over the node, thus 
inducing a gradient of morphogens and determining the left-right axis. B. Voltage 
gradient model. At the 4-cell cleavage stage of a fertilized Xenopus egg, the mRNAs for 
ion transporter proteins are directionally transported to the left-ventral side, leading to 
the localized asymmetric ion transporter expression and generates a left-right voltage 
gradient across the ventral midline, inducing sided asymmetric gene expression.  
 
A second mechanism involves an electrical voltage gradient (Figure 29B) that transports 
small LR determinants such as serotonin and calcium ions to one side of the body, where they 
initiate asymmetric gene expression of Nodal and other proteins. The voltage gradient, determined 
by asymmetric expression of ion channels, was found as early as at the 2-cell or 4-cell cleavage 
stages in the Xenopus [95]. It is not clear how the asymmetric ion channel expression is exactly 
established. It was believed that the ion channel mRNAs are transported via chiral ‘F’ molecules, 
so that ion pumps will be mostly expressed at the left-ventral side. The concept of ‘F’ molecules 
was first presented by Wolpert and colleagues [76], and these molecules have three mutually 




molecule is largely unknown. A cytoskeletal origin of asymmetry was recently demonstrated by 
finding the pre-existence of chirality of actin cytoskeleton wrapped around the cortex of Xenopus 
eggs [67]. In addition, the actin/tubulin network was conjectured to fulfill the function of ‘F’ 
molecules with actin align at the bottom and microtubules on the top along LR direction, with the 
directional transport (such as mRNAs) along microtubules defining the LR axis [77]. 
In general, the breaking of LR asymmetry has been associated with the function of chiral 
cellular structures such as the ventral node at the cleavage stage of Xenopus development. 
Importantly, such chiral structures must be organized in a specific fashion so that their collective 
behavior allows generation of significant biophysical signals that can be translated into local 
asymmetric gene expression and subsequently amplified into the difference between the LR sides. 
Two questions are of fundamental interest in this regard: whether the cells are chiral in the first 
place, and whether the chirality of single cells can be translated into multicellular chiral 
morphogenesis. It will be greatly helpful if these questions can be addressed in in vitro systems, 
where asymmetric biophysical and biochemical cues can be excluded. Although the chirality has 
been demonstrated for several cellular systems such as growth pattern of bacterial colonies [96] 
and neurite outgrowth of hippocampal explants [68, 97], it is until recently that the intrinsic cell 
chirality is studied in a well-controlled and highly repeatable fashion and detected in  almost all 
cell types [70, 98, 99]. 
In Vitro Cell Chirality 
The chirality at the single cell level was clearly demonstrated by Xu et al [98], through 
studying the migration of sparsely seeded neutrophil-like differentiated HL-60 (dHL-60) cells 
(Figure 30). It was found that upon the induction of polarization by a uniform chemoattractant (f-




axis drawn from the middle of cell nucleus to the centrosome. The authors proposed that the chiral 
structure of centrosome could be responsible for the observed single cell chirality, and that the 
centrosome could polarize the cell and subsequently determine its directional response to chemical 
stimuli. The cell chirality could be observed by inducing neutrophils to polarize without creating 
spatial cues, and by studying single cell polarization in conditions free of the effects of neighboring 
cells. The authors defined cell chirality as either the leftward or rightward bias, with respect to two 
predefined cellular axes: one axis defined by the cells attachment to the substrate and the other 
axis defined by the centrosomes relation to the nucleus. A leftward bias was found for dHL-60 
cells and found to be microtubule dependent. The Cdc42/Par6 polarity pathway was investigated 
for specific mechanisms of establishing cell chirality. Upstream disruption of the pathway 
prevented the establishment of polarity altogether, while downstream disruptions were only found 
to randomize the polarity. Surprisingly, constitutive activation of glycogen synthase kinase-3β 
(GSK3β), located in the middle of the proposed Cdc42/Par6 polarity pathway, was able to reverse 
the bias of fMLP induced polarity rather than just randomize it.  Recently, this system was used to 
demonstrate the non-ciliary role of microtubule proteins in LR patterning across biological 





Figure 30. Bias of single cell polarity. The red arrow shown is drawn from the 
center of the nucleus (blue) to the centrosome (green). Migration to the left of the 
nucleus-centrosome axis (i.e., red arrow) is regarded as leftward bias, typified by the 
dHL-60 cells (A) and to the right is regarded as rightward bias (B).  
 
The establishment of chirality at a multicellular level has also been related to the intrinsic 
cell chirality. We previously investigated the establishment of the LR axis by characterizing the 
multicellular migratory response to micropatterned appositional boundaries (Figure 31) [70, 72]. 
By using micropatterning techniques, cell monolayer was formed within geometries, which 
imposed boundary conditions on cells and thus forced them to make the LR decision. A 
prerequisite to forming this chirality was the geometric imposition of two opposing boundaries 
within a distance up to several hundred micrometers, such as those found in geometries composed 
of linear strips and rings but not in square or circle geometries. Primary use of ring geometry 
allowed for the use of an image-based algorithm, based on the overall alignment of individual cells 
with respect to the circumferential direction, to determine the multicellular chirality as clockwise 







Figure 31. Left-right asymmetry on micropatterned surfaces. The cells are 
polarized at the boundary by position their centrosomes (green) and Golgi apparatuses 
(purple) close to each boundary than nuclei (blue), while forming chiral alignment. A. 
Polarity and chirality of muscle cells on micropatterned surfaces. The leftward bias of 
muscle cells on appositional boundaries creates the observed counterclockwise (CCW) 
cell alignment. B. Schematic of polarity and chirality of endothelial cells on 
micropatterned surfaces. The rightward bias of cell migration creates the observed 
clockwise (CW) alignment. 
 
This LR decision was apparent at a multicellular level, and specific to cell phenotype. Most 
cells investigated displayed a CW bias, except for two cell lines, derived from skeletal muscle, that 
were found to have a CCW bias. Investigations into the mechanism behind multicellular chirality 
revealed the role of actin in the establishment of CCW cell lines, as revealed by the reversal of 
CCW chirality to CW chirality upon the introduction of actin-interfering drugs. Surprisingly, it 




chirality. Thus, while the establishment of a directional bias is still undetermined, there is a clear 
role for functional actin in establishing the CCW alignment. In addition, the cells were found to 
have a consistent polarization with their centrosome (rather than the nuclei) positioned closely to 
geometrical boundaries [73], and a directional cell migration along the boundary. With the same 
definition of three axes by Xu et al [98], the CCW alignment on rings can be considered as a 
cellular ‘leftward’ bias, and CW as a ‘rightward’ bias. 
Recently, Chen et al also was able to observe multicellular chirality at a larger scale (i.e., 
several centimeters) on two-dimensional surfaces through the use of micro-fabrication techniques 
(Figure 32) [99]. They found that culturing vascular mesenchymal cells (VMCs) on substrates 
containing alternating cell-adhesive coated fibronectin (FN) lanes and non-adhesive coated 
polyethylene glycol (PEG) lanes resulted in a highly organized chiral pattern. The cells initially 
attached to fibronectin-coated lanes with a similar chiral alignment found by Wan et al [70], and 
subsequently expanded to the entire surface with the PEG degradation, forming a rightward bias 
of a ~20° steady-state angle. The accumulation of stress fibers, upon encountering substrate 
interfaces, was speculated to induce mechanical cues that lead to the formation of chiral patterns 
aligned diagonally to these interfaces. This hypothesis was confirmed in inhibition studies with 
the nonmuscle myosin-II inhibitor blebbistatin, and the Rho-associated kinase (ROCK) inhibitor 






Figure 32. Propagation of cell chirality with loss of geometric control. The cells 
have preferential attachment to fibronectin (FN) domain immediately after plating onto 
alternating fibronectin/polyethylene glycol (PEG) lanes, and they form a biased 
alignment within FN domain. With the PEG degradation and cell proliferation, the 
cells migrate out the FN domain but maintain the chirality over the entire surface. 
 
A reaction-diffusion mathematical model was developed to describe possible effects of two 
morphogens: bone morphogenesis protein (BMP) -2, a slowly diffusing activator, and matrix γ-
carboxyglutamic acid protein (MGP), a rapidly diffusing inhibitor of BMP [74]. Within a two 
dimensional (2D) domain, they created a spatiotemporal gradient of chemicals. The cells were 
assumed to respond to the gradient of morphogens with a consistent directional bias that was 
responsible for the chirality of pattern formation. The prediction qualitatively matched with 
experimental findings, but effects of these two morphogens need to be validated with experiments.  
In summary, all the in vitro cell chirality systems rely on definite cell polarization either 
transiently determined upon the exposure to chemoattractants, or induced by physical boundaries, 




polarization. The single cell system [98] presents the first direct demonstration of  the existence of 
chirality of single cells, but it requires cell centrosome and nucleus live imaging and is currently 
limited to only one cell type, dHL-60. The micropatterning system by Wan et al [70], on the 
contrary, demonstrated, with a variety of cells in a highly reliable fashion, that multicellular chiral 
structures can emerge from a homogeneous cell population within well-controlled microscale 
boundaries. Chen et al [99] further showed that such the initial cell chiral alignment could be 
propagated into a larger scale if cells are allowed to migrate out of the boundaries. Altogether, 
these studies suggest that most, if not all, cells are chiral in nature, and single cell chirality can 
manifest into multicellular chiral morphogenesis with well-controlled boundaries, even at a large 
scale. 
 
Statistical Analysis: Do individual cells express an angular polarity within each cell type? 
For each cell type, a phase contrast image of cells micropatterned within the ring geometry 
was used to quantify the angle for all cells within the ring. This information was then used to 
investigate the distribution of these angles in respect to our null hypothesis that the mean angle of 
all the cells will be equal to 0. To summarize: 
𝐼𝑓 𝐻𝑜 𝑖𝑠 𝑡𝑟𝑢𝑒, 𝑚𝑒𝑎𝑛 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑒𝑙𝑙𝑠 = 0 
𝐼𝑓 𝐻𝑎 𝑖𝑠 𝑡𝑟𝑢𝑒, 𝑚𝑒𝑎𝑛 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑒𝑙𝑙𝑠 ≠ 0 
Before we could perform this test we first needed to determine whether or not our data 
came from a normal distribution. Many of the common statistical tests available assume data 
originates from a normal distribution and using them on non-normal data can introduce error and 





Figure 33: Raw cellular angle data. At left are example phase contrast images of 8 
different cell types in a 2D ring geometry.  At left center are histogram distributions of 
cell angles for 430 individual cells for each cell type. At right center are the box plots of 




type with a relatively large number of outliers. At right are Normal Probability plots 
which provided an initial screening of our data for normality. These plots show that our 
data did not come from a normal distribution, necessitating the use of non-parametric 
tests. 
 
Raw phase contrast images of 8 different cell phenotypes in a 2D ring geometry are shown 
in Figure 33, left column. Histogram distributions of cell angles are shown in Figure 33, left 
center column with the zero angle indicated and an example normal plot superimposed over the 
histogram. In Figure 33, the right center columns show the boxplot of the histogram data.  Visual 
inspection of the histograms did not provide conclusive evidence either way that our data was or 
was not from a normal distribution. We then examined our single cell angular data using Normal 
Probability plots (Figure 33, right column). These plots plot raw data against a theoretical normal 
distribution. If the raw data comes from a normal plot then it will plot 1-to-1 against the theoretical 
distribution, creating a straight line on the Normal Probability plot. It is unlikely that our data came 
from normal distributions as our Normal Probability plots show. To further test this conclusion we 
performed the one sample non-parametric Single Sample Kolmogorov-Smirnov Test (Table 1). 
We have strong evidence that our data did not come from normal distributions as the p-values in 
Table 1 show, in combination with the Normal Probability plots. This result precludes the use of 
standard statistical tools provided by the Student t-test and 1-way ANOVAs on our data. 
 
Cell Type Normal K-S Test 
Statistic 
p-value 
c2c12 No 0.7542 6.295e-215 
hASCs No 0.7176 1.292e-194 
hSkMC No 0.6863 4.356e-178 






No 0.7007 1.350e-185 
Human Skin Fibroblasts No 0.6268 1.322e-148 
hUVEC No 0.7341 1.199e-203 
nih3t3 No 0.6103 6.581e-141 
 
Table 1: Results of one sample non-parametric Single Sample Kolmogorov-Smirnov 
Test. These results provide strong evidence that our data did not come from normal 
distributions. 
 
To test our hypothesis of mean cell angle = 0 degrees we used the one sample non-
parametric Wilcoxon Signed Rank Test for each cell type. As the results in  
Table  show, we have significant results indicating that we can reject the null hypothesis 
meaning that all 8 cell phenotypes we tested show chiral behavior on the individual cell level. The 
p-values for all 8 cell types were highly significant. The C2C12 and hSkMC phenotypes showed 
median CCW polarization while the other phenotypes all showed CW polarization. We did not 
show standard deviation of the median or mean angles because our data was not normally 
distributed. 
 





c2c12 17.1301 12193 5.154e-40 5.154e-
40 
hASCs -9.9096 14775 1.932e-34 1.932e-
34 
hSkMC 8.7498 19118 4.850e-26 4.850e-
26 

















nih3t3 -7.1648 28992 1.756e-11 1.756e-
11 
 
Table 2: Results of one sample non-parametric Wilcoxon Two-Tailed Signed Rank 
test. Cellular angle data across phenotypes indicates that all 8 tested phenotypes 
displayed significant chiral polarization. 
 
We next compared the individual cell results across cell phenotype to determine if there 
were any differences between the groups. We used the One-Way Kruskal-Wallis Analysis of 
Ranks test to determine whether the groups originated from different distributions. A significant 
p-value returned by this test indicates that at least one pair of groups did not originate from the 
same distribution. In Table 3 we see that the reported p-value is highly significant, confirming that 
the measured cell angles all did not come from the same distribution.  
 
Source Sum of 
Squares 
DoF Mean Square Chi-sq P>Chi-sq 
Between 
Groups 
7.45e8 7 106422124.9 755.21 8.55e-159 
Within 
Groups 
2.65e9 3432 771370.5   
Total 2.39e9 3439    
 
Table 3: Results of One-Way Kruskal-Wallis Analysis of Ranks for cell angle across 
phenotypes. The significant p-value indicates that the distributions from each phenotype 
did not all come from the same distribution. 
 




Figure we see the boxplots for each phenotype side by side, illustrating the distinct 
phenotypic differences in our data.  
 
 
Figure 34: Box plot of cell angle as a function of phenotype. Analysis of the data using 
the One-Way Kruskal-Wallis Analysis of Ranks shows distinct cell angle polarity 
amongst all cell phenotypes with C2C12 and hSkMC showing CCW chirality and the 
other phenotypes showing CW chirality. 
 
Again we see the C2C12 and hSkMC cell lines showing CCW polarization while the rest 
of the cells show CW polarization. To further investigate the group differences and determine 
which groups were different from each other we performed a multiple comparison test using the 






Figure 15: Multiple comparison using the Bonferroni method comparing cell angle 
as a function of phenotype shows distinct grouping across the phenotypes. The two 
phenotypes showing high, distinct mean ranks (C2C12 and hSkMC) show non-
overlapping distributions indicating they came from different distributions and potentially 
point to different physiological mechanisms underlying chirality. The CW polarized 
groups show a closer clustering and less distinction between distributions indicating 
potential similar physiological mechanisms. 
 
We expected group-to-group differences after observing the histograms in Figure 33 due 
to the differences in polarity (mean angle greater than or less than 0 degrees) and size of the 
distribution means. In Figure 1 we see that the likely CCW phenotypes (C2C12 and hSkMC) 
probably originated from distinct distributions because their mean rank distributions do not 
overlap. This points to potentially different cellular origins of chirality in these phenotypes or 
different levels of the same chirality-generating mechanism. The likely CW phenotypes show a 
closer clustering of mean rank distributions indicating the potential that these groups originated 
from the same distribution, or combinations of a few distributions. This result indicates the 
potential for a more similar physiological mechanism underlying CW chirality and/or the chirality 
mechanism in these phenotypes. 




For each multicellular group of cells micropatterned in the ring geometry, the mean angle 
of all the cells within the ring was investigated. The global angular polarity for each multicellular 
group was then characterized within a 95% Confidence Interval as Clockwise (‘CW’) if their mean 
angle was less than 0 degrees and Counterclockwise (‘CCW’) if the mean angle was greater than 
0 degrees. The global angular polarity was said to be non-significant (NS) if the 95% confidence 
interval contained 0 degrees. Table 4 shows the values given to each ring type for analysis.  





Table 4: Values given to each ring chirality type for global ring analyses. 
 
 
The mean chirality score was calculated by summing the individual chirality scores for 
each ring using the values in Table 4 and dividing by the total number of rings measured. The 
analysis of the angular polarity per ring on multiple rings within the same cell type was used to 
determine if a cumulative polarity exists. This information was then used to investigate the 
distribution with respect to our null hypothesis that the cumulative chirality across all rings is 
CCW. To summarize: 
𝐼𝑓 𝐻𝑜 𝑖𝑠 𝑡𝑟𝑢𝑒, 𝑡ℎ𝑒 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑖𝑟𝑎𝑙𝑖𝑡𝑦 𝑎𝑐𝑟𝑜𝑠𝑠 𝑟𝑖𝑛𝑔𝑠 𝑖𝑠 𝐶𝐶𝑊 
𝐼𝑓 𝐻𝑎 𝑖𝑠 𝑡𝑟𝑢𝑒, 𝑡ℎ𝑒 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑖𝑟𝑎𝑙𝑖𝑡𝑦 𝑎𝑐𝑟𝑜𝑠𝑠 𝑎𝑙𝑙 𝑟𝑖𝑛𝑔𝑠 𝑖𝑠 𝑛𝑜𝑡 𝐶𝐶𝑊 
 
 
We first performed this analysis on a single cell phenotype to determine if cumulative 
chirality exists for a single phenotype on the ring level before comparing results across phenotypes 
(next section), as demonstrated within a single cell line (C2C12 cells). To ensure chirality was not 




as cells developed. In Error! Reference source not found. phase contrast microscopy images detail 
cell angle distributions as a function of time for a single ring across 25 hours.  Plotting the mean 
angle for a ring as a function of time reveals that after approximately 20 hours, the mean angle of 
the ring stabilizes as the ring becomes confluent. Timelapse videos show (data not shown) that the 
cells remain viable and display normal motile behavior after they become confluent and establish 
stable chirality indicating healthy cells. All group statistical analysis were therefore performed on 




Figure 32: Timelapse analysis of chirality across a single ring. As the cells develop 
and grow within the ring the mean cell angle changes and eventually establishes a stable 
value once the cells become confluent (approximately 20 hours into development for this 
cell phenotype). Timelapse videos (data not shown) indicate that the cells remain healthy 
and viable after stabile chirality has been established. All group statistical analysis was 
therefore performed on confluent rings. 
 
 
Table 5 shows the results for 21 different experiments on the C2C12 cell line. Each 
“experiment” contained a varying number of rings due to experiment to experiment variation in 
sample preparation. P-values were calculated and showed strong polarization within each 




across rings. A One-Way Kruskal-Wallis Analysis of Ranks test, to determine if the groups all 
came from the same distribution (Figure 33 and  
Table ), further confirmed these results. This test was used because the data did not come 
from a normal distribution. Given that this dataset originated from a single phenotype, a non-
significant result from the Kruskal-Wallis test was expected.  
 
 
Figure 33: Box plot of cumulative ring chirality across experiments for the C2C12 
cell line shows that most experiments resulted in the expected CCW polarization for 
this cell type. However, a subset of experiments showed a relatively large amount of 
variation in cell polarity. These experiments likely influenced the p-value for the One-
Way Kruskal-Wallis test.  
  
 
As Figure 33 shows most of the experiments showed the expected strongly polarized CCW 
behavior expected of the C2C12 experiment line. However, a subset of experiments showed larger 
variance in their mean chirality score, likely influencing the significant p-value shown in  
Table . This p-value suggests that the results for each experiment did not all come from the 
same distribution; however it does not point to which distributions are different. This is an 
unexpected result because here we are comparing the results from a single phenotype. To further 




Figure 34). As  
Figure 34 shows, the mean rank distributions as a function of experiment are all closely 
spaced, with only two experiments distinctly different from the first experiment. However, all 
experiments overlapped with at least one other experiment, indicating that the experimental 
distributions likely came from the same distribution and only vary due to experiment variability. 
It can be concluded, from the results of this section, that a cumulative chirality exists at the ring 
level for a specific cell phenotype (Table A1). While the One-Way Kruskal-Wallis test indicates 
differences between the groups, the multiple comparison test shows that these differences are 
likely not physiologically significant and more likely due to experiment variability. 
 
Source Sum of Squares DoF Mean Square Chi-sq P>Chi-sq 
Between Groups 2.934e6 19 154412.1 182.39 1.046e-28 
Within Groups 6.943e6 595 11668.2   
Total 9.876e6 614    
 
Table 5: Results of One-Way Kruskal-Wallis Analysis of Ranks for cumulative cell 
angle across rings for the C2C12 phenotype. The significant p-value indicates that the 






Figure 34: Multiple comparison using the Bonferroni method comparing cumulative 




most of the experiments likely originated from the same distribution. The 
distributions of two outlying experiments (#’s 13 and 14) likely resulted from experiment 
variability. This conclusion is supported because their distributions were not significantly 
different from all of the other experiment distributions, but only a subset of them. 
 
 
Is there a global angular polarity amongst all cell types? 
Once we established that cumulative chirality exists for individual rings for a single 
phenotype, we analyzed this phenomenon across all 8 phenotypes to determine whether cumulative 
chirality potentially originated from a similar physiological mechanism common to each 
phenotype. Our null hypothesis was that the cumulative chirality across all rings is CCW using the 
mean chirality score introduced in the previous section. To summarize: 
 
𝐼𝑓 𝐻𝑜 𝑖𝑠 𝑡𝑟𝑢𝑒, 𝑡ℎ𝑒 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑖𝑟𝑎𝑙𝑖𝑡𝑦 𝑎𝑐𝑟𝑜𝑠𝑠 𝑎𝑙𝑙 𝑐𝑒𝑙𝑙 𝑡𝑦𝑝𝑒𝑠 𝑖𝑠 𝐶𝐶𝑊 
𝐼𝑓 𝐻𝑎 𝑖𝑠 𝑡𝑟𝑢𝑒, 𝑡ℎ𝑒 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑖𝑟𝑎𝑙𝑖𝑡𝑦 𝑎𝑐𝑟𝑜𝑠𝑠 𝑎𝑙𝑙 𝑐𝑒𝑙𝑙 𝑡𝑦𝑝𝑒𝑠 𝑖𝑠 𝑛𝑜𝑡 𝐶𝐶𝑊 
 
 
Table 6 shows the results for cumulative chirality across cell phenotypes. We see strongly 
polarized behavior reflecting the chiralities established on the individual cell level (C2C12 and 
hSkMC showing CCW chirality, all others showing CW chirality). We next compared the 
cumulative chiralities across cell phenotype to determine if they originated from the same 
distribution using the One-Way Kruskal-Wallis Analysis of Ranks test. We used this test because 
the data did not come from a normal distribution. Similar distributions would point to similar 
physiological mechanisms of global cumulative chirality. From  






Figure 35: Box plot of cumulative ring chirality as measured by mean chirality score 
across cell phenotypes shows distinct chirality as a function of phenotype. 
Cumulative ring chirality shows the same pattern as was previously established at the 
individual cell level as a function of phenotype (C2C12 and hSkMC strongly CCW 
polarized, all other lines CW).  
 
 
The differences follow the established chirality pattern with the C2C12 and hSkMC phenotypes 
displaying CCW polarity and the other phenotypes displaying CW polarity. All phenotypes 
showed strong polarization. The p-value resulting from the One-Way Kruskal-Wallis test shows 
strong evidence that the groups came from different distributions as expected ( 
Table ).  
 
Source Sum of Squares DoF Mean Square Chi-sq P>Chi-sq 
Between Groups 4.035e8 7 57642318.3 1273.84 7.579e-271 
Within Groups 2.630e8 2097 125397.3   
Total 6.665e8 2104    
 
Table 6: Results of One-Way Kruskal-Wallis Analysis of Ranks for cumulative ring 
chirality as measured by mean chirality score across rings for all cell phenotypes. 
The significant p-value indicates that the distributions from each phenotype did not all 
come from the same distribution. 
 
To further investigate this result on a phenotypic basis we performed a multiple comparison 




Figure). Multiple comparison reveals two distinct groups of phenotypes as a function of 
mean rank distributions with the CCW phenotypes distinct from all other groups while the CW 
phenotypes show more aligned behavior. The results of this test indicate that at a cumulative global 
chirality level, the CW phenotypes likely came from the same distribution, pointing to a common 
mechanism for cumulative global chirality. This conclusion negates our null hypothesis and 







Figure 40: Multiple comparison using the Bonferroni method comparing cumulative 
ring chirality as measured by mean chirality score as a function of cell phenotype 
shows two distinct groups. The CCW phenotypes (C2C12 and hSkMC) show distinct 
mean chirality scores different from all other groups pointing to distinct physiological 
mechanisms underlying their CCW chirality. The CW phenotypes (all others) cluster 
together as a function of mean chirality score, indicating that they likely came from the 








The chirality behavior of 8 different phenotypes at the cellular, ring, and global ring levels 
was investigated. Our results support the conclusion that an intrinsic angular polarization exists 
across all three levels of cellular organization we investigated and is phenotype specific. These 
conclusions were drawn from results generated using the One-Way Kruskal-Wallis non-parametric 
test and Bonferroni multiple comparison method. These non-parametric tests were chosen after it 
was shown that the data originated from a non-normal distribution using Normality Plots and the 
Single Sample Kolmogorov-Smirnov Test. Cell specific mechanisms generating the observed 
chiralities were posited from multiple comparisons of the mean chirality score ranks. By further 
analyzing the significance of the results obtained from the micropatterned chirality studies, it can 
be confirmed that the results presented here firmly establish chirality at multiple levels within 2-
dimensional cellular organizations. 
4.6. MACROSCALE PATTERNING OF A 3D ENVIRONMENT TO BIOMIMETICALLY IMPOSE 
GEOMETRICAL BIOPHYSICAL CUES THAT DIRECT INTRINSIC CELLULAR CHIRALITY 
CHARACTERISTIC OF CARDIAC DEVELOPMENT  
.  
Understanding how the expression of an intrinsic cellular chirality in 2D cell organizations 
relates to similar mechanisms at the more physiologically relevant 3D cell organization are of 
critical importance. Often times, we are unable to establish whether the validity of results obtained 
in 2D cultures is actually representative of both 3D cultures and in vivo at the organ level. Previous 
2D studies revealed mechanistic insights into the development of cellular chirality.  While the 
existence of chirality within macroscale organ levels within the human body is well known, it was 
demonstrated that chirality also exists on the micro level of early embryonic and single cells. [70] 




surrounding environment aid the specification and self-organization of migrating cells. Our in vitro 
studies have detected chirality within both single and multicellular structures, demonstrating the 
universality of cell chirality and the role of physical boundaries in its initial establishment. Thus, 
we sought to establish the utility of translating the use of biophysical cues, defined here as physical 
geometric boundary constraints, in directing cellular responses through similar mechanisms in 
both 2D and 3D cultures. To accomplish this, we developed 3D micropatterning techniques to 
analyze the establishment of cell chirality within a 3D multicellular structure. This enables further 
investigations of the mechanisms dictating the initiation of chirality. Specifically, insight into the 
role of chiral initation during development is critical to subsequently mimic these biophysical cues 
in vitro when modelling cardiac morphogenesis, the first example of a LR decision during 
development [60, 80, 93].  
We developed a system that utilizes a cell repellent poly (L-lysine) backbone to which 
poly(ethyleneglycol) chains are grafted to allow protein attachment only in the desired PDMS 
wells. Cells can then be seeded into the protein coated wells containing ring patterns (250 µm inner 
diameter, 650 µm outer diameter, 300 µm depth) and allowed to reach confluence. Phase contrast 
images and confocal images have been used to evaluate the cell alignment in respect to an angle 
bias based on its deviation from the circumferential direction. Our results thus far reveal that both 
cells that are known to exhibit a clockwise chirality in 2D systems (3t3s) and cells known to exhibit 
a counterclockwise chirality in 2D systems (C2C12 cells), exhibit this same chirality in our 3D 
system. 
RESULTS 
Research into the establishment of chirality at the 2D multicellular level reveals that 




previously established a 2D method to impose these physical boundaries through the utilization of 
micro-contact patterned geometric boundaries. The process of micro-contact printing involves 
patterning self-assembled monolayers (SAMs) on gold-coated glass slides with PDMS stamps in 
order to control, down to the micro- and nanoscale levels, exactly where cells can attach. This cell 
attachment occurs by subsequently coating these patterned adhesive SAMs with a protein, such as 
fibronectin, so that cells attach to the patterned protein but not the surrounding substrate. By 
establishing geometric boundaries of cell micropatterns in a similar 3D format, cells are similarly 
induced to polarize in a way that resembles the establishment of the DV and AP axes during native 
development [72]. Utilizing micropatterned shapes that impose appositional geometric boundaries 
within a distance less than several hundred micrometers, such as linear strips or ring geometries a 
global chirality can be investigated [70].  
In an effort to develop more biologically relevant bioreactors for investigating and guiding 
cell fate, we developed similar methods to study chirality in a more physiologically relevant 3D 
environment. To accomplish this, we developed a method to fabricate 3D cell-only PDMS 
microenvironments, as detailed in Figure 41, that utilizes a cell repellent poly(L-lysine) backbone 
to which poly(ethyleneglycol) chains are grafted(PLL-g-PEG) to allow  protein attachment only 
in the desired PDMS wells. Incorporation of a PTFE mesh system ensured that the PDMS construct 






Figure 41. Micropatterning 3D geometrical cell culture environments for the 
establishment of chirality. Developed a system that utilizes cell repellent poly(L-
lysine) backbone to which poly(ethyleneglycol) chains are grafted to allow protein 
attachment in PDMS wells. 
 
We hypothesized that if the introduction of appositional physical boundaries polarizes cells 
accordingly to form the LR axis in 2D micropatterned environments, as we previously found, then 
the introduction of appositional physical boundaries in a more biomimetic 3D microenvironment 
should have a similar effect (Figure 42).  
 
 
Figure 42. The 3D micropatterned environment can be utilized for various 
geometries.  Cells were seeded in 3D PDMS microwells in the ring geometry for (A) 
C2C12 cells detailed as a top-view and side-view of the z-stack and again as top view 




in (D) triangle, (E) star, (F) and square geometries. All images depict 
immunofluorescence staining for actin (green) and (D-F) are also stained with tubulin 
(red) and nuclei (blue). The wells are 300µm in depth and the scale bar = 150 µm.  
 
Thus, by using a bottom up approach where cells are exposed to physical boundaries, they 
can self-assemble to form aligned tissue (Figure 43).  
 
Figure 43. How cells position themselves with respect to boundaries in 3D. As 
depicted in the schematic, cells see the z axis through attaching to substrate (imposed 
via well bottom) and they see the x axis through elongating along the edges of the 
boundary (imposed via well walls). 
 
To assess the chirality of cells in these 3D cell-only microenvironments, time-lapse phase 
contrast images and confocal images will be used to evaluate the cell alignment in respect to an 
angle bias based on its deviation from both the circumferential direction and with respect to the 
bottom of the well. Specifically, a custom MATLAB code was developed that functions as follows: 
 





Step 1. Pick a seed point and create a mask for region growing by 
dictating the difference threshold and maximum radius to group 
connecting pixels from the same  cell and generate a 3D object 
representative of the cell. 
 
2) Automated 3D region growing algorithm finds all connected pixels within a set 
range of values to generate a 3D mask of the cell 
 





3) Use Principle Component Analysis (PCA) to find the 3D vector which describes 
most of the variance in the 3D mask (“the long axis”) 
 
Step 3. Repeat PCA to make multiple masks and thus, generate a 3D 
volume representative of the cell for each of the cells within the well 
 
4) PCA weights are used to discriminate cell shape as follows: the vector is 
decomposed into two angles: 
Ɵ is the angle relative to the xy-plane 








Step 4. Use PCA to create a polar vector using moments of inertia in relation to Z 





Figure 44. Analysis of chirality in 3D. To analyze the chiral alignment of cells in 3D, 
these 4 steps can be followed as detailed in the figure. 
 
Development of intrinsic 3D cellular chirality  
To determine whether intrinsic cell chirality is also demonstrated within the 3D system, we 
used similar methods of calculating the bias on angles in local regions of the image plane, with 
one sample test for the mean angle. Within the 2D systems this is analogous to the one sample t-
test in linear statistics, and within the 3D systems the addition of another positional vector will 
have to be taken into account as well. The multicellular chirality will be determined based on the 
average behavior of the individual cells within the sample that display a biased alignment in the 
rank test. Overall a “chirality score” was assigned as follows: 





2: Ɵ > threshold and ɸ < -threshold score is 2 (“to the right and down” – screwing in 
right handed screw) 
3: Ɵ < -threshold and ɸ  < -threshold score is 3 (“to the left and down” – screwing in left 
handed screw) 
4: Ɵ < -threshold and ɸ  > threshold score is 4 (“to the left and up” unscrewing right 
handed screw) 
Using this scoring system, for a single 3D microwell with overall angles as depicted in 
Figure 45 A-B, the overall chirality score would be distributed according to Figure 45 C. 
 
Figure 45 Distribution of Cell Chirality within a single well. (A) Distribution of the 
lateral Ɵ angle and (B) axial ɸ angle within a single ring geometry containing C2C12 
cells. (C) A distribution of the combined chirality score for the same well of C2C12 
cells. 
 
The successful development of a simple three-dimensional (3D) in vitro platform enables 
investigations of left-right asymmetry within mammalian cells at the 3D macroscopic level. Using 
a macro-patterning technique, cellular intrinsic left-right asymmetry was shown in the format of 
chiral alignment on ring patterns as well as through biased cell migration along the geometric 





Figure 46. Establishment of 3D chirality over time. C2C12 cells were cultured in 3D 
ring microwell geometries and imaged within a live-cell confocal system at (A) 12 
hours, (B) 18 hours, (C) 24 hours, (D) 30 hours, (E) 36 hours, and (F) 42 hours post 
cell-seeding. Scale bar = 150 µm. 
 
 Overall, the 3D chirality of C2C12 cells from over 30 different 3D ring microwells can be 
described using the distribution in Figure 47. 
 
 
Figure 47. Overall 3D Cell Chirality for C2C12 cells. (A) Distribution of the lateral 
Ɵ angle and (B) axial ɸ angle of C2C12 cells within the 3D ring geometry. (C) A 





 Such asymmetric behavior was found to be cell phenotype dependent. Upon comparing 
the additional 3t3 cell line, the 3D chirality of both C2C12 and 3t3 cells follow the distribution 
depicted in Figure 48. 
 
Figure 48. Overall angle distribution for C2C12 and 3t3 cells. Distribution of the 
lateral Ɵ angle (left) and axial ɸ angle (right) for C2C12 cells (top) and 3t3 cells 
(bottom) within the 3D ring geometry.  
 
When investigating the 3D chirality of hUVEC’s, a cell line previously shown in our 2D 
system to exhibit an opposing chirality to that of both C2C12 and 3t3 cells, we obtained a different 





Figure 49. Overall angle distribution for hUVEC cells. A box plot distribution of the 
(A) lateral Ɵ angle and (B) axial ɸ angle and histogram distributions of the (C) lateral 
Ɵ angle and (D) axial ɸ angle for hUVEC cells within the 3D ring geometry. 
 
The role of actin was again investigated to determine its role in the establishment of 
chirality at a more physiologically relevant 3D environment. To correlate the role of actin, 
immunostains of actin and cellular nuclei were investigated to determine how the alignment of 
actin relates with the position of the cell’s nucleus in terms of chirality. A similar MATLAB 
program was developed to investigate a positional bias with respect to actin and nuclei structures 





Step 1) Load 3D image stacks containing both nuclei (left image) and actin filament 





Step 2) Create a mask for each cell of (A) the nucleus and (B) the actin filaments. 
Perform the region growing algorithm for each cell of (C) the nucleus and (D) the actin 
filaments.  Perform PCA of each cell for both the (E) nucleus and (F) actin filaments.  
 
For C2C12 cells cultured in 3D ring micropatterns, it appears that there is no preference in 
the XY plane for actin filaments or the nuclei (Figure 50 A). However, actin myofilaments are 
oriented more steeply with respect to the well in the Z plane than their corresponding nuclei 






Figure 50. 3D alignment of actin myofilaments and nuclei. 
 
 
Mechanism of 3D intrinsic cell chirality 
 
In addition to determining global and cell-type level chirality characteristics, we also 
explored the role of actin and microtubules in cell chirality during development, using the drug 
groups Latrunculin A, Cytochalasin D, Jasplakinolide, and Nocodazole and Taxol all in varying 
concentrations. The linear coefficient regression of the mean chirality score as a response variable 
to the concentration and the square of the concentration was used, displayed below in Figure  for 
C2C12 cells in response to Jaspolinkinade and Latrunculin A drugs. The data strongly indicates 
that actin-interfering agents cause reversal of cell-chirality for C2C12 cells from CCW to CW. 
Jaspolinkinade appears to have the closest quadratic fit with drug concentration, with an R-squared 
value of 0.9925, while Lantrunculin has a lower R-squared value of 0.6605 but still appears to 





Figure 51  Mean chirality score of C2C12 ring data plotted in response to 
Jaspolinkinade and Latrunculin A drug concentrations. In both, as concentration 
increases from approximately -1 (initial cell chirality CCW), the chirality of the cell 
reverses to a maximum of approximately 1 (cell chirality reversed to CW), then decreases 
toward zero (no chirality), presumably due to excess damage of actin causing overall cell 
damage and death 
 
 
Fibroblast cells (C2C12 and 3t3 cells) represent a special group of cells which have 
exhibited a different chirality than other cells when cultured on a 2D micropatterned ring geometry. 
This was duplicated through 3D chirality studies, suggesting that the intrinsic cellular left-right 
asymmetry can be revealed in 3D and investigated with the developed macro-patterning 
technology. Even more interestingly, the chirality of muscle cells can be reversed with the reagents 








Overall, the drugs interfering with actin function, but not microtubule function, reversed 
the chirality of the skeletal muscle cells. This result indicates that two competing mechanisms may 
possibly co-exist inside of the cells to determine the left-right decision. One mechanism requires 
actin function and leads to the intrinsic ‘rightward’ bias on boundaries and the CCW alignment in 
chiral morphogenesis, while the other mechanism remains unknown and induces the intrinsic 
‘rightward’ bias on boundaries and the CW alignment in chiral morphogenesis. In the muscle cells, 
actin expression is much higher than other cells and it may explain why muscle cells exhibit 
different chirality from other cells [65]. 
4.7 ONLINE ELECTROPHYSIOLOGICAL CARDIOTOXICITY SCREENING PLATFORM FOR 
PREDICTION OF CARDIAC ARRHYTHMIA 
Cardiovascular toxicity is a leading contributor to costly and dangerous drug withdrawal 
and late-stage attrition, thus urging the development of novel in vitro assays capable of predicting 
it at an earlier stage.  Various systems for optical and/or electrical measurements have been 
developed commercially and academically but to date they suffer due to difficulty in scaling the 
numbers of experimental conditions and often fail to address modularity, accurate physiological 
translations, and reproducibility. This section of the thesis introduces a system comprised of a 
novel combination of multiple modalities (i.e. electrical activity, conduction velocities, and 
calcium flux) to assess cardiac physiological response to applied drugs in a reproducible, in-vivo-
like model.   
Our system utilizes classic micro-patterning techniques to grow engineered cardiac 
microtissues at relevant size scales and geometries (i.e. widths of 50-100um), which are patterned 
in conjunction with microelectrodes.  The optically transparent system allows for simultaneous 
electrical and optical data acquisition.  A custom designed amplifier with three amplifier stages, 




and processing.  Two examples of cardiac cell/electrode patterns are presented: (1) circular rings 
for studies of cardiac arrhythmia and conduction velocity over time, and (2) rectangular strips for 
studies of cardiac conduction velocity.   
Simultaneous measurements of beating rate, conduction velocity, QT interval and 
amplitude of contraction reveal predicted responses to isoprenaline, doxorubicin, and sotalol. This 
demonstrates the importance of this system’s multiple measurements for prediction of in vivo 
cardiotoxicity, identification of promising cardiac therapeutic targets, and screening of chemical 
cardiogenic factors.    
Introduction 
In recent years, the pharmaceutical industry has faced a crisis of productivity: the cost of 
developing new drugs has increased, research and development expenditures are rising, but the 
rate of introduction of new drugs has remained constant, and attrition rates, especially in late-phase 
clinical trials, has risen sharply [108]. There is therefore an urgent need for novel in vitro assays 
that better predict whether a given candidate molecule will be safe and effective in relevant patient 
populations. 
Cardiotoxicity, or drug-induced cardiac injury, is one of the leading causes of drug 
withdrawals (e.g., rofecoxib (Vioxx)), labelling changes restricting drug use (rosiglitazone 
(Avandia)), delays in regulatory approval, and late-stage compound failures. In fact, cardiotoxicity 
has been implicated in 28% of drug withdrawals in the United States over the past 30 years 
(Crivellente 2011) [108]. In addition, some potential targets may be excluded from further 
development due to false negative results during in vitro testing. Cardiac myocytes derived from 
human embryonic stem cells (hESC) and induced pluripotent stem cells (iPSc) show great promise 




Towards this goal, several different types of cell-based platforms for measuring various 
cardiotoxicity-related parameters have been developed. However, one of the major limitations to 
the large-scale use of these technologies is that they are designed around small-scale research 
paradigms, and are currently incapable of addressing cardiomyocyte cultures reproducibly. 
Furthermore, devices such as microelectrode arrays are costly, and limited by small measurement 
areas. Finally, an evident limitation encountered when reviewing the current state of the art, is the 
scarce ability to combine different measurements modalities (e.g. optical and electrical 
measurements), which is essential as certain drugs affect relevant cardiac parameters differentially.  
Spatio-temporal propagation of calcium (Ca) and the associated electrical potential are of 
particular interest for cardiac research. In the heart, spiral Ca waves can cause reentrant 
tachycardia, that can further develop into ventricular fibrillation [109]. In addition, many human 
congenital cardiac malformations are a result of the improper formation of the left-right (LR) axis, 
which is associated with abnormal calcium signaling [39]. Interestingly, Ca waves can be observed 
in vitro both in single cells and cell populations. We recently observed that cell populations 
cultured on micropatterned areas with well-defined boundaries express chirality and directional 
motion [70, 72]. This method could be extended to study the chirality of these dangerous cardiac 
spiral waves at both the cellular and tissue level in order to eliminate them in our future approaches 
to cardiac tissue engineering. 
In this section of the thesis, we present a novel system that reproducibly guides the growth 
of microscale cardiac tissues at well-controlled geometries, in conjunction with customized 
measurement areas relevant to the tissue, and generates multi modal readouts (i.e. electrical and 
optical). We used standard micro-patterning techniques to grow engineered cardiac microtissues 




tissue structures. By combining these cardiomyocyte microtissues in conjunction with custom-
patterned gold microelectrode arrays (MEAs), we were able to perform well-controlled, 
reproducible studies of geometrical and spatial interactions between the cells, while 
simultaneously tracking electrical propagation along distinct paths.  
Two examples of cardiac cell/electrode patterns are presented: (1) circular rings for studies 
of cardiac arrhythmia and conduction velocity over time, and (2) rectangular strips for studies of 
cardiac conduction velocity.  The system may be sterilized by autoclaving, radiation or ethanol, 
and its gold electrodes are very robust and guarantee an extended number of re-use cycles. External 
or internal stimulation electrodes can pace the cells in culture. Our system can also be used as a 
model for arrhythmia research, as the high number of electrodes allows measuring conduction 
velocity and plot local activation time maps. It is also compatible with lab-on-chip designs (e.g. 
microfluidics, lenseless sensing systems) for future studies of spatial and temporal variation of 
drug application regimes.  
Looking ahead, through optimization and scale-up of our technology combining cardiac 
organoid production with microelectronics, our device may be extended to high-throughput drug 
screening systems, and pave the way for a next generation of cardiac toxicity and safety 
pharmacology research tools.   
Results 
Propagation of calcium transients within micropatterning cardiomyocytes 
We have previously established that cellular alignment plays a crucial role in the micro 
architecture of cells and in resembling their native tissues. In line with this, we sought to 




controlled and studied through the induction of geometric boundaries, resulting in the chiral 
micropatterning of cells. Interestingly, we found that by establishing an anisotropic cellular 
network, we could control calcium and electrical wave propagation in a similar manner to in vivo 
conditions, where proper signal propagation relies heavily on the anisotropic cell arrangement 
within the heart, which in turn functions to establish proper electrical coupling of cells 
spatiotemporally. We found that calcium waves from NRVM’s cultured on micropatterned rings 
exhibit a chiral motion, from one end of the cell to the other, and from one cell to the next, in a 
counter-clockwise direction as shown in Figure 52E. We then developed ad hoc methods to study 
the chiral calcium transient waves and their electrical potential, at both the single cell and multi-
cellular levels, in order to measure significant changes in cells properties in response to defined 
signals and perturbations. We initially used NRVM’s to establish the methods, and then hiPS-CMs 
to further study the effects of cell maturity on calcium signal propagation.  
Validation of the customized MEA 
The developed platform (Figure 52) utilizes classic micropatterning techniques to grow 
engineered cardiac microtissues at relevant size scales and geometries (i.e. widths of 100-200 µm), 






Figure 52. MEA platform overview. (A) Schematic detailing the fabrication of 
thecustom MEA platform. (B) Linear MEA patterns can be coupled with linear cell 
attachment patterns to yield CM lines, enabling (C) image analysis of the resulting 
calcium transients as they relate to conduction velocity. (C) Ring MEA patterns can be 
used to pattern CM in ring geometries, enabling (E) image analysis of the resulting 
calcium transients as they relate to conduction velocity over time. 
 
 
The system is optically transparent, and thus allows for simultaneous electrical and optical data 
acquisition.  A custom made amplifier with three amplifier stages, plus a subsequent optoisolator 
stage, reduces signal noise, while isolating signal acquisition from transmission and processing.  
We present here 2 different cardiac cell/electrode patterns: (1) linear rectangular strips for studies 
of cardiac conduction velocities (Figure 52B-C, 53A) and 2) circular ring patterns for studies of 
cardiac arrhythmia and conduction velocity over time (Figure 52D-E, 53B). The schematics of 
the microelectrodes design are shown in Figure 53, together with representative voltage 






Figure 53 Custom MEA geometrical patterns. (A-B) Schematic of the (A) linear 
and (B) ring configurations. (C-D) Analysis of voltage over time for (C) 200 µm wide 
linear patterns and (D) 200 µm wide linear patterns. (E-F) Analysis of voltage over 





Investigating the effects of cell/tissue architecture on Ca signaling 
One of the main advantages of using micropatterning to direct and control geometric and 
spatial interactions between cells and between cells/electrodes is the reduced variability and 
improved reproducibility of microscopic tracking of the electrical propagation along distinct paths. 
Current systems studying the link between the geometrical position and alignment of cells in 
permitting the generation and proper exit of an action potential, typically involve random cell 
shapes, architecture, and heterocellular interactions that tend to be inconsistent, difficult to 
interpret, and do not accurately mimic native conditions. By adapting our previous cell 
micropatterning methods to finely control the positioning of multiple cell types within a defined 
region, and coupling it to customized MEAs, we can study the effects of cell-cell interactions and 
defined spatiotemporal parameters on calcium signals conduction. Measuring differences in the 
induction and dynamics of reentrant spiral calcium waves and correlating them with the applied 
perturbations, enables a direct comparison and quantification of functional versus arrhythmic 
signal propagation behaviors. Simultaneous measurements of beating rate, conduction velocity, 
QT interval and amplitude of contraction reveal predicted responses to isoprenaline and nifedipine, 
suggesting the importance of this system’s multiple measurements for prediction of in vivo 





Figure 54. Cardiotoxicity within custom micropatterned MEA geometries. (A) 
Voltage recordings showing dose-dependent treatment with Verapamil for the linear 
pattern, ring pattern, and unpatterned commercial 64 channel MEA platform. (B) 
Schematic detailing the various parameters obtained from voltage traces within the 
MEA platform. (C-D) Voltage recordings showing dose-dependent treatment with (C) 
Nifedipine and (D) isoproterenol for linear MEA micropatterned geometries.  
 
Investigating the effects of geometry on intracellular signal propagation 
In this study we used micropatterns to guide the anisotropic alignment of NRVMs at the 
microscale level through the imposition of specific geometrical boundaries. At the multicellular 
level, the calcium wave propagation is correlated to cellular alignment and to cells directional 






Figure 55 Calcium signal propagation within linearly micropatterned populations 
of NRVMs. (A-D) Heat intensity map images of calcium transients over time within 
NRVMs cultured on (A) 100 µm wide lines, (B) 100 µm wide lines that are double in 
length as compared to the pattern in (A), (C) 200 µm wide lines, and (D) 200 µm wide 
lines that are double in length as compared to the pattern in (C). 
 
   
As detailed in Figure 55, this reproducible patterning of polarized and anisotropically 
aligned CMs enables similar calcium propagation pathways within different cell cultures and 
scalable variations in geometry. The inherent relationship between CM structure and functional 
signal propagation enable the development of more controlled investigations into signal 
propagation. The calcium waves are invariant with CM morphological structure and multicellular 
arrangement. This dictates the necessity of reproducibly arranging CMs in patterns, ideally 
patterns optimized for signal propagation (i.e. linear and ring geometries), so that the role of drug 




Micro patterning reproducible cardiotoxicity screening assays 
We then examined the effects of Sotalol, a drug known to prolong the QT interval, and 
showed that within ring cultures, the QT prolongation increases as the signal travels from one 
electrode to the next, thereby prolonging the QT interval with each step (Figure 56). This proof of 
concept validates the efforts in developing methods that enable the characterization of cardiotoxic 
events and the consequent generation of arrhythmias, thereby increasing the predictive power of 





Figure 56. Electrical signal propagation of NRVMs micropatterned in ring 
geometries. (A-B) Voltage recordings showing treatment with [1 µm] Sotalol with 
NRVMs cultured over time at two different electrode positions within (A) 100 µm 





Further characterization of the predictive power of our custom MEA platform is 




Figure 57. Electrical signalopagation of NRVMs micropatterned in linear 
geometries. (A-B) Voltage recordings showing dose-dependent Epinephrine treatment 
of NRVMs cultured over time on (A) 100 µm wide linear micropatterns and (B) 200 
µm wide linear micropatterns. 
 
Discussion 
We developed a practical system for identifying the functional interactions between cell 
alignment and electrical coupling. Our system allowed us to further analyze cell behavior in 
response to defined perturbations (ie. drugs), ultimately leading to the optimization of cardiac 
tissue assays that are more predictive of potential arrhythmogenic risks. We engineered and 
validated a novel system for analyzing the propagation of Ca signals in both 2D as well as more 
physiologically relevant 3D models. Such a straightforward and effective method for investigating 
and modulating cardiac cell interactions will facilitate the rational design of more reproducible and 






THE ROLE OF BIOPHYSICAL STIMULI IN THE FUNCTIONAL MATURATION OF 
ENGINEERED HUMAN CARDIAC TISSUES  
 
The maturity of iPS-CMs represents a major challenge associated with bioengineered 
treatments of myocardial infarction. With both the burden of cardiovascular disease and the cost 
of developing drugs continuing to grow, the need for generating functionally mature human 
cardiomyocytes (CMs) is of an utmost importance. Physiologically relevant human derived CMs 
provide a source of cells for treating cardiovascular disease through injection of these cells, and 
possibly tissues engineered from these cells, for myocardial regeneration. Additionally, the high 
financial and safety risks associated with therapeutic development can be lessened through the 
development of more efficient in vitro cardiotoxicity screening platforms. However, both of these 
potential solutions are currently unable to be met as a result of the immature cardiac phenotype 
characteristic of CMs derived from human induced pluripotent stem cells (hiPS).  
In order to address the immature phenotypes of hiPS-CMs, the application of biomimetic 
stimuli can be used to mimic the process of cardiac development towards a more mature 
phenotype. The need for biophysical stimulation to mature iPS-CMs comes from the known roles 
of these cues in cardiac development, and their lasting influence on cardiac function. Native 
myocardial features include a highly aligned and dense cell network, efficient transport 
mechanisms, electrical signal propagation and generation of contractile forces. Cardiac tissue is 
unique in that the excitation of CMs, driven by electrical signals, cause a series of events that 
ultimately lead to a mechanical response, known as a cardiac contraction [109]. Thus, further 




role of coupling electrical stimulation with its subsequent response of mechanical stimulation, 
further referred to as “electromechanical stimulation”, are critical to uncovering the mechanisms 
driving functional hiPS--CM maturation. While previous studies have had success using this 
approach, it has yet to result in a maturity similar to that found in adult CMs.  
5.1 UNCOUPLING THE ROLE OF ELECTRICAL AND ELECTROMECHANICAL CONDITIONING IN 
DRIVING CARDIOMYOCYTE MATURATION 
The heart contracts rhythmically in response to electrical signals, which are converted into 
a mechanical response through a process known as excitation contraction coupling (ECC). In order 
to mimic these in vivo conditions, these signals can be recreated in vitro through the use of custom 
engineered bioreactors. An electrical field can be applied within the bioreactor through the use of 
parallel carbon rods connected to an external stimulator. The applied electrical field is formed by 
interacting with the ions within the culture media, which carry the imposed electrical charges. The 
electrical stimulus is subsequently converted into an action potential upon depolarizing the cell 
membrane, which is then responsible for the ensuing contraction. To fully recapitulate the 
beneficial effects of electrical and electromechanical stimulation, their respective roles on cardiac 
maturation must be determined individually.  
However, the data generated by electrical and mechanical stimulation of constructs are 
difficult to compare because the outcomes assessed following each type of stimulation are often 
different. As such, it is currently unclear which method of stimulation has a greater effect on 
engineered myocardial tissue function. Additionally, the effects of combined electromechanical 
stimulation on cardiac constructs have not been fully deciphered and thus, require further 
mechanistic insight. To better understand how applying electrical field potentials in vitro enhance 




over mechanically decoupled electrically stimulated hiPS-CMs were investigated through the use 
of contraction inhibiting pharmacological interventions. 
Results 
Decoupling the Benefits of Electrical and Electromechanical Stimulation  
Embryoid Bodies (EBs) were formed within Aggrewell plates from the differentiated CM’s 
of 2 hiPS cell lines (C2A and WT11) and cultured within a bioreactor between two parallel carbon 
rods designed to deliver electrical field potential stimuli (Figure 58). Various electrical stimulation 
regimens were applied to EBs for 7 days to investigate the role of electrical and electromechanical 
stimuli at various frequencies. The stimulation frequencies of 1 Hz, 2 Hz, and 3 Hz were chosen 
to mimic bradycardic, eucardic, and tachycardic human heart rates, respectively. To decouple the 
effects of mechanical forces resulting from electrically induced contractions were inhibited by 








Figure 58. EB formation and electrical stimulation. (A) A schematic detailing the 
process of aggregating single isolated hiPS-CMs through centrifugal force within the 
conically shaped wells of a commercial Aggrewell plate to induce EB formation. (B) A 
photograph of the electrical stimulation bioreactor, containing two parallel carbon rods 
which function to deliver electrical stimuli through the culture media and to the 
intended hiPS-CMs. 
 
Electromechanical Stimulation Enhanced Cardiac Contractile Functionality 
By combining the effects of electrical stimulation and the resulting induced mechanical 
forces of contraction to actively control contraction parameters, the beneficial effects of cardiac 
maturation can be investigated. Increased rates of electrical and electromechanical stimulation 
increased the beat frequency, however, this response was significantly more pronounced in 






Figure 59 Beat frequency as a function of electrical vs electromechanical 
stimulation. 
 
Electromechanical Stimulation Responsible for Regulating ECC  
Cardiac ECC depends on the initiation of increased intracellular [Ca2+] levels and thus, the 
mechanisms driving this regulate the resulting cardiac functionality. Increasing external [Ca2+] 
revealed increased contractile forces and lower EC50 values that were dependent on the intensity 
of the electrical stimulation regimen, indicating a higher [Ca2+] sensitivity.  Additionally, removing 
[Ca2+] from media lead to the cessation of beating. The abolished automaticity was reversed upon 
reintroducing calcium into the media. Additionally, increased rates of electromechanical 
stimulation increased contractile synchronicity, as detailed by comparing the standard deviation of 
the contractile motion vector defining the EB (Figure 60).  
 
 




Electromechanical stimulation was necessary to increase the velocity of contraction, while 
mechanically decoupled electrical stimulation demonstrated a reverse trend (Figure 61 B). 
Similarly, faster contraction and relaxation rates were also seen as an effect of electrical 
stimulation, and were further upregulated at higher stimulation frequencies (Figure 61 A). 
 
 
Figure 61. Relaxation as a function of electrical vs electromechanical stimulation. 
(A) Relaxation duration within normal and mechanically decoupled EBs exposed to 
electrical stimulation as indicated. (B) Relaxation velocity within normal and 
mechanically decoupled EBs exposed to electrical stimulation as indicated. 
 
Electrical Stimulation Upregulates Calcium Handing  
Faster relaxation rates were seen as an effect of electromechanical stimulation, and 
displayed a frequency dependent acceleration of relaxation (FDAR) (Figure 62). Upon inhibition 






Figure 62. Frequency dependent acceleration of relaxation 
 
5.2 MIMICKING FITNESS REGIMENS TO MATURE HUMAN CARDIAC MUSCLE VIA INTERVAL 
TRAINING 
 
With both the burden of cardiovascular disease and the cost of developing drugs continuing 
to grow, the need for generating functionally mature human cardiomyocytes (CMs) is of an utmost 
importance [2, 5]. Physiologically relevant human derived CMs provide a source of cells for 
treating cardiovascular disease through injection of these cells, and possibly tissues engineered 
from these cells, for myocardial regeneration. Additionally, the high financial and safety risks 
associated with therapeutic development can be lessened through the development of more 
efficient in vitro cardiotoxicity screening platforms. However, both of these potential solutions are 
currently unable to be met as a result of the immature cardiac phenotype characteristic of CMs 




In order to address this, the application of electromechanical stimuli can be used to mimic 
the process of cardiac development towards a more mature phenotype. Cardiac tissue is unique in 
that the excitation of CMs, driven by electrical signals, causes a series of events ultimately leading 
to mechanical response, known as a cardiac contraction. Thus, further research into the role of 
electromechanical stimulation is necessary to optimize its use in driving the functional maturation 
of CMs. While previous studies have had success using this approach, it has yet to result in a 
maturity similar to that found in adult CMs. To optimize the use of electromechanical conditioning, 
the use of varying electromechanical stimulation regimens can be investigated in a manner that 
mimics current “heart healthy” workout regimens. Specifically, the use of both moderate and high 
intensity interval training workout regimens has been used by many years to improve the 
cardiovascular system within humans, and is recommended by the American Heart Association 
[1]. By mimicking these approaches, we are able to achieve similarly beneficial results in vitro.  
Results 
High Intensity Interval Training Upregulates Cardiac Functionality 
 
Embryoid Bodies (EBs) were cultured under various electrical stimulation regimens 
designed to investigate the role of stimulation frequency under constant workloads, established by 
maintaining the same overall amount of beats per day within each of the 1 Hz, 2 Hz, and 3 Hz 
groups. EBs were formed from the differentiated CMs of 2 hiPS cell lines (C2A and WT11) and 
exposed to electrical field stimulation regimens on day 7 within a custom designed bioreactor 





Figure 63. Bioreactor design to enable interval training. (A) A schematic of hiPS-CM EB 
formation within Aggrewell plates. (B) A schematic of the bioreactor mold design. (C) A picture 
of the resulting bioreactor before addition of carbon rods. (D) A schematic of the stimulator 
design and its connection to the bioreactor with carbon rods for delivering the electrical stimuli. 
 
Specifically, the use of “interval training” involved short durations of high frequency 
electrical stimulation delivered via a customized Arduino based voltage stimulator. The 
stimulation baseline frequencies of 1 Hz, 2 Hz, and 3 Hz were chosen to mimic bradycardic, 
eucardic, and tachycardic human heart rates, respectively. Within each of these baseline groups, 
interval training regimens were designed to mimic moderate (M) intensities (60% increase in beat 




hours), and high (H) intensities (90% increase in beat frequency for 1 hour) as detailed in Table 
7.   
 
Table 7. Experimental Design Parameters for Cardiac Interval Training. The stimulation 
baseline frequencies of 1 Hz, 2 Hz, and 3 Hz were chosen to mimic bradycardic, eucardic, and 
tachycardic human heart rates, respectively. Within each of these baseline groups, interval 
training regimens were designed to mimic moderate (M) intensities (60% increase in beat 
frequency for 1 hour), prolonged moderate (ML) intensities (60% increase in beat frequency for 
2 hours), and high (H) intensities (90% increase in beat frequency for 1 hour) as detailed. 
 
During postnatal development and in response to exercise, the development of 
physiological hypertrophy enables enhanced function by increasing cell size to match the 
increasing energetic demands. The investigated electrical stimulation regimens increased 
physiological hypertrophy, detailed by an increase in CM size, in both a frequency dependent 





Figure 64. Interval training induces physiological hypertrophy. Cell length increased as an 
effect of electrical stimulation and was further upregulated by higher intensity interval training 
regimens.  
 
Interval training resulted in enhanced cardiac contraction characteristics as compared to 
their baseline counterparts stimulated at a constant rate and even more so when compared to the 
unstimulated EBs. An increase in the beat to beat synchronicity is detailed by the increased 





Figure 65. Interval training resulted in enhanced cardiac contraction characteristics. (A) 
Graphs of cardiac contractility (left) and beat waveform (right) for unstimulated EBs over 7 
days. (B) Graphs of cardiac contractility (left) and beat waveform (right) for interval stimulated 
at day 7. 
 
Additionally, faster contraction and relaxation rates were seen as an effect of electrical stimulation, 
and further upregulated by higher intensity interval training regimens. This upregulation in cardiac 





Figure 66. Faster contraction and relaxation rates, detailed by heat maps over time, were 
seen as an effect of electrical stimulation, and further upregulated by higher intensity 
interval training regimens 
 
Further analysis of the contractile functionality were investigated by conducting strain-
mapping analysis that revealed increased levels of stain with increased high intensity interval 
training based stimulation regiments (Figure 67). Overall, the strength of the contraction, detailed 
by an increase in average strain per contraction, and the fractional shortening of the CM increased 





Figure 67. Strain generation, detailed by vector maps over time, were seen as an effect of 
electrical stimulation and further upregulated by higher intensity interval training 
regimens 
 
Increased electromechanical stimulation rates and interval intensity regimens improved the 
cardiac ultrastructure as demonstrated by increased anisotropic organization, cardiac troponin 
expression, and alpha-actinin striations. These changes in the contractile apparatus were also seen 
in the enhanced expression of structural genes (cTnT, Cx-43, MLC). Functional assessments of 




contractions, and the maximum capture rate (MCR), detailed by the maximum frequency in which 
70% of the cells can synchronously contract at, were decreased and increased respectively, as a 
result of increased stimulation rates and further more so with higher intensity interval training 
regimens (Figure 68).  
 
 
Figure 68. MCR increased an effect of electrical stimulation and further upregulated by 
higher intensity interval training regimens 
 
Interval Training Enhanced Calcium Storage and Handling 
 
Interval training did not increase the intracellular [Ca2+] transient amplitude, but did 
decrease the length of the [Ca2+] transient as supported by the decreased FWHM time as a function 
of increased interval stimulation intensity (Figure 69A). Similarly, increased interval training 
intensities resulted in decreased [Ca2+] transient decay times (Figure 69B).  To determine the 
functionality of the SR, caffeine was administered to release [Ca2+] stored within the SR. 
Significant increases in the caffeine-induced [Ca2+] transient amplitude were only found within 






Figure 69. Calcium Handling. (A) Full Width Half-Max values of calcium intensity and (B) 
Time Decay rates decreased as an effect of electrical stimulation and higher intensity interval 
training regimen. (C) Caffeine Responses from calcium transients after caffeine stimulation 
increase as an effect of electrical stimulation and higher intensity interval training regimen. 
 
Increased intensities of electrical stimulation interval regimens enhanced cardiac 
contractility in result to changes in intracellular handling of Ca2+. Higher intensities caused faster 
systolic [Ca2+] transient rise and reduced diastolic [Ca2+] transient decay rates and overall 
amplitudes. This enables more complete relaxation and increased uptake of [Ca2+] into the SR, as 
evidenced by the established RyR2 Ca2+-induced Ca2+-release. This results in more physiologically 
relevant calcium homeostasis, lowering the likelihood of proarrhythmic events in response to 
intracellular [Ca2+] levels. Image analysis of [Ca2+] transients reveals increasingly narrowed 
transients with increasing interval intensities that corresponded with the shorter contractile 
duration and the faster [Ca2+] transient decay rates. Increases in external [Ca2+] revealed increased 
contractile force and lower EC50 values in response to the intensity of the interval training. This 
indicates that interval training induced higher [Ca2+] sensitivities and functional Ca2+ release 
(CICR) mechanisms. Thus, the result of constant electrical stimulation regimens control and 
synchronize the beat frequency while increased electrical stimulation intensities control the SR 




Interval Training Increased Mitochondrial Biogenesis 
An increase in contractile demand requires a similar increase in available energy. Known 
as mitochondrial biogenesis, new mitochondria are subsequently produced to support these 
increased demands. Interval training enhanced mitochondrial content through the upregulation of 
PGC1α, mitochondrial transcription factor A (Tfam), GLUT4, AMPK, PKC, COXII and MAP-
kinases (Figure 70). Enzymatic assays were carried out to investigate the energetic functionality 
of the stimulated EB’s. The cytochrome c oxidase (COX), involved in the electron transport chain 
and oxidative phosphorylation, assay revealed increased production within high intensity interval 
stimulation regimens (Figure 70A). Measurements of mitochondrial mass, determined by citrate 
synthase (CS) activity, revealed increased activity within all electrically stimulated samples and 
further more so as a function of interval intensity (Figure 70B). Mitochondria produce energy 
through both glycolysis, measured here by assessing citrate synthase (CS) activity, and oxidative 
phosphorylation (OXPHOS) detailed by the coupled oxidation and phosphorylation of ADP to 
ATP, measured here by assessing ATP production.  
 
Figure 70. Mitochondrial Biogenesis. (A) Cox activity and (B) Citrate Synthase  increased an 






Positive Effects of Interval Training Related to Electromechanical Stimulation 
Contraction was inhibited using the Myosin II ATPase inhibitor blebbistatin, which does 
not affect electrical excitability [13], for 7 days while EBs were exposed to the various stimulation 
regimens. The beneficial effects of enhanced mitochondrial biogenesis and calcium handling were 
not seen within mechanically decoupled cells. Thus, the role of applying biophysical electrical 
stimulation regimens to mature hiPS-CMs is related to the resulting EC coupling within contractile 
cells.  
Discussion 
Electromechanical stimulation at high rates is expected to mature CMs in the shortest time 
possible. However, high stimulation frequencies lead to the buildup of toxic byproducts near the 
electrode surface and thus, are harmful to the cells. Thus, the use of high intensity interval training 
regimens maximized the positive effects of stimulation at high frequencies while negating the 
negative effects arising from constant stimulation at high frequencies.  
Electromechanical stimulation increased physiological hypertrophy, a response that 
enables proper cardiac functionality at increased stress loads in-vivo.  The shift of myosin from 
it’s predominantly β-isoform to the more mature α-isoform suggests an adaptation towards 
increased capabilities for more energetically expensive contraction mechanisms. Such changes in 
energy supplies enable more physiologically relevant resources for proper EC coupling, as was 
demonstrated within the higher intensity interval stimulation regimens. However, intervals of 
increased contractile demand may limit the available oxygen and thus, stimulate hypoxic 
conditions that may have also contributed to the resulting physiological hypertrophy. Enhanced 




increased intensity within the various exercise regimens. The availability of more mitochondria 
enables improved endurance, as more energy is subsequently made available.  
Mechanical contraction causes increased cytosolic calcium concentrations within CMs and 
therefore, increases EC coupling. High intensities increase these intracellular calcium 
concentrations and thus, activate CaMKII and CASQ2 which subsequently upregulates their 
transcription. Enhanced CaMKII expression leads to the corresponding upregulation of calcium 
handling genes (SERCA2A, RyR2 and PLB) in a similar intensity dependent manner. The calcium 
handling was indeed dependent on electromechanical stimulation as demonstrated by the increased 
Ca upstroke and decreased decay times. Thus, enhanced electromechanical stimulation intensities 
can enhance calcium handling through the resulting increased intracellular calcium concentrations.  
Electrical stimulation and interval training at various intensities within the 1 Hz and 2 Hz 
groups did not significantly increase the intracellular [Ca2+] transient amplitude or the caffeine-
induced [Ca2+] transient amplitude, but did decrease the length of the [Ca2+] transient as supported 
by the decreased FWHM time as a function of increased interval stimulation intensity. This implies 
that the beneficial effects of high intensity interval stimulations arise from an increase in the 
amount of available intracellular [Ca2+] and the ability of the SR to functionally recover and store 
[Ca2+]. This results in an enhanced [Ca2+] sensitivity that results in an enhanced excitability that 
subsequently results in an enhanced contractile force.  
Within the 3 Hz group, stimulation at high intensity intervals resulted in both increased 
intracellular [Ca2+] transient amplitudes and increased caffeine-induced [Ca2+] transient 
amplitudes in addition to the decreased FWHM and decay [Ca2+] transient times. These enhanced 




conditioning that increases intracellular [Ca2+] levels and thus, enhances the availability of more 
[Ca2+] for storage within the SR.  
Thus, the coupling of metabolically active mitochondria and functional uptake and storage 
of Ca2+ within the SR are critical in facilitating proper EC coupling. The energetically demanding 
functions associated with proper calcium handling can therefore be matured through the use of 
high intensity interval stimulation regimens. This enables the upregulation of mitochondrial 
biogenesis to ensure adequate ATP transport of Ca2+ into the SR, thereby increasing SR storage 
and function simultaneously. The use of high intensity interval regimens enables these beneficial 
effects while minimizing the negative effects associated with ROS generation at prolonged 






ENGINEERING ADULT-LIKE HUMAN CARDIAC TISSUE VIA INTENSITY TRAINING 
FOR PREDICTIVE CARDIOTOXICITY AND DISEASE MODELING 
Drug toxicity often goes undetected until clinical trial, the most costly and dangerous phase 
of drug development, due to fundamental imitations of currently used cultures of human cells and 
animal studies [108, 115]. For a long time, cardiac toxicity has been the leading cause for drug 
withdrawal at every phase of development, from discovery through postmarket surveillance [108].  
The lack of predictive screening platforms remains a critical barrier to safely bringing drugs to 
patients. Tissue engineering is becoming increasingly successful in more authentically 
representing the native tissue milieu. Instead of attempting to recapitulate the entire complexity of 
an organ, a reachable goal would be to replicate tissue-specific architecture and a subset of the 
most relevant functions, in form of the simplest functional tissue unit [111], as a predictive 
screening platform [114].  
Human cardiac muscle, engineered with the necessary biological fidelity necessary for 
predictive use in a high-throughput setting, would be transformative to drug testing and modeling 
of disease. Despite major advances [111-114], engineered tissues do not physiologically emulate 
the adult heart, largely due to the immature phenotype of human cardiomyocytes derived from 
induced pluripotent stem cells (iPSC-CM). The hallmarks of adult cardiac muscle have not been 
demonstrated, most critically: excitation-contraction (E-C) coupling (requiring networks of T-
tubules), calcium homeostasis (requiring a functional sarcoplasmic reticulum), and positive force-
frequency relationships. 
We hypothesized that the application of three important biomimetic cues: supporting 
nonmyocyte cells, anisotropic alignment within a native hydrogel matrix, and a biomimetic 
electromechanical training regimen would enable the in vitro formation of an adult-like cardiac 
muscle, termed Bio-Engineered Adult-like Myocardium (BEAM). To test this hypothesis, we 




well platform enabling tissues to align and respond to excitatory electrical signals by mechanically 
contracting. We applied an electromechanical training regimen of increasing intensity, and 
investigated the establishment of mature tissue properties: cardiac gene and protein expression, 
ultrastructure formation, and physiological function (force generation, contractile behavior, 
positive force-frequency relationship, calcium handling). BEAMs that were matured over 4 weeks 
of culture were tested for their responses to a broad range of drugs. Our final goal was to show the 
utility of BEAMs for modeling disease, by using a patients’ cells to recapitulate the phenotype of 
an inherited cardiomyopathy. 
 
6.1 OPTIMAL BIOREACTOR DESIGN FOR BIOMIMETIC 3D CARDIAC TISSUE FORMATION 
Current approaches to cardiac tissue engineering provide cardiogenic cells on scaffolds 
with sequences of biochemical, mechanical and electrical signals, using biomimetic bioreactor 
settings. In recent years, the engineering designs are increasingly based on biological principles, 
and attempt to recapitulate some of the key developmental events. To this end, a number of 
bioengineering tools are finding utility in tissue engineering: by subjecting the cultured tissues to 
gradients of biochemical factors, hydrodynamic forces associated with perfusion, pulsatile 
electrical stimulation, and mechanical stretch. Advanced imaging modalities and the modeling of 
heart function are revealing new details of the physiological blueprints of cardiac development 
[23]. The successful development of an in vitro platform for maturing cardiac tissues will need to 
combine multiple biomimetic cues known to drive cardiac development in vivo and demonstrate 
several distinguishing features of the heart muscle: (1) Anisotropic cell alignment for proper signal 
propagation, (2) Excitation-contraction (EC) coupling, (3) Synchronous contractions of the tissue 




in the native tissue, (5) Effective exchange of nutrients and metabolites between the cells and their 
environment, and (6) Responsiveness of the tissue to electrical pacing stimuli.   
We therefore developed a bioreactor capable of delivering the following biophysical 
stimuli: anisotropic alignment to promote proper signal propagation, proper excitation-contraction 
(EC) coupling, contraction at physiologically relevant rates, development of ultrastructural and 
molecular characteristics similar to native tissue, effective transport of nutrients and removal of 
waste, and responsive to electrical pacing stimuli.  Additionally, we developed techniques to 
accelerate the fabrication of a modular, high throughput, biocompatible bioreactor capable of 
integrating with other organ on a chip systems for future approaches of predicting cardiotoxicity 
within a human on a chip platform and high content, high throughput on-line techniques to 
quantitatively analyze cardiac functionality and maturation. 
First Generation Bioreactor  
The cells grown in the first generator bioreactor did form a uniform collagen hydrogel, but 
not reproducibly, and eventually tissue would “slip” off pillars. The tissues were hard to optically 
image, preventing on-line readouts of cardiac health.  It was difficult to make the molds and was 






Figure 71. 1st Generation Prototype 
 
 





Second Generation Bioreactor 
The tissues formed by the second generator bioreactor were unable to reproducibly form 
around the different pillars and vasculature inputs. Additionally the incorporation of microfluidics, 
via the hollow PDMS posts, created many challenges in mold fabrication (Figures 73 and 74). 
 







Figure 74. Tissue Formation within 2nd Generation Prototype 
Third Generation Bioreactor 
The platform, shown Figure 75, consists of a custom designed 12-well base milled from 
Polystyrene, a 75 x 60 mm glass slide epoxied to the bottom, and custom interlocking lids with 
PDMS pillars designed to provide passive stress and attachment sites to the hiPS-CM microtissue. 
Electrodes containing threaded Platinum wires were placed within designated slots within the well 
base so that an electrical field could be created perpendicularly to the cultured hiPS-CM 
microtissue construct. 
While the development of more functionally mature hiPS-CMs enables more accurate tools 
for investigating cardiac events in vivo, this is greatly limited by the lack of methods to generate 
larger more biomimetic 3D cardiac tissues. To address this, we developed a custom bioreactor 
capable of imposing the necessary biophysical stimuli related to 3D cardiac tissue formation and 





Figure 75. 3rd Generation Prototype 
 
Cardiomyocytes (CM) were derived from human iPSC’s from 2 cell lines, referred to as 
“#1” for the C2A cell line and “#2” for the WT11 cell line, using a well-established protocol of 
staged induction within monolayer cultures to yield ~70-80% yield of fetal-quality iPS-CMs (ref). 
These cells were then combined with supporting human fibroblasts, forming a cell suspension with 
a ratio of 75% iPS-CMs:25% fibroblasts, and subsequently encapsulated into a fibrin hydrogel. 
The hydrogel was immediately injected into a custom bioreactor well (250uL/well) containing two 




organoid was formed (Figure 76A-B). The pillars were designed (material, geometry) to present 
the cell-hydrogel suspension with both biomimetic passive tensile forces to drive organoid 
development and a constant mechanical load to which the organoid must “work” against during 
cardiac contractions. As the hydrogel contracted, due to the loss of water, the cell stretching and 
anisotropic alignment (1-2 days) lead to spontaneous beating of the cardiac organoid within 3-4 
days (Figure 76C). Within our custom bioreactor, cardiac microtissues were cultured under 
conditions of passive tension resulting from the intrinsic stiffness and design of our dual pillars. 
 
Figure 76. 3D tissue formation. (A) Schematic detailing the various components of 
the custom designed hiPS-CM organoid bioreactor (B) Platform with cultured hiPSC-
CM micro-tissues cultured with electrical stimulation (electrodes show in black). The 
size of the platform containing 12 wells corresponds to the 1/8 of a 96-well plate. (C) 
Schematic detailing the formation of cardiac organoids by (i) encapsulating single cells 
in fibrin hydrogel and adding to the custom bioreactor, (ii) after hydrogel 
polymerization, add media to bioreactor wells, (iii) allow hydrogel to shrink around 
pillars, forming functional cardiac organoid (D) Design of flexible pillars; force of 




 As a result, cells exhibited increased anisotropic alignment and elongation along the length 
of the tissue over time, and with increased electrical stimulation. Analysis of cell aspect ratio 
within cardiac organoids displayed more rod-like morphologies, a critical characteristic of 
cardiomyocyte maturation, as a function of both time and electrical stimulation. 
Electromechanically stimulated cardiac microtissues expressed enhanced cardiac ultrastructure 
and morphology consistent with maturing cardiac tissue that was dependent upon electrical 
stimulation regimen and progressed over time in culture. These effects were not observed in age-
matched embryoid bodies, thus, detailing the necessity of biomimetic 3D hiPS-CM microtissues 







Figure 77: Maturation and functional responses of cardiac microtissues over time. 
(A) Representative contraction profiles of hiPS-CM constructs over 4 weeks of culture. 
(B) Beat frequency of hiPS-CM constructs improves over 4 weeks of culture (C) Peak 
to Peak Times of hiPS-CM constructs decrease over 4 weeks of culture (D) TEM 
images show enhanced ultrastructural properties of hiPS-CM constructs over 4 weeks 
of culture (E) Beat Frequency of hiPS-CM tissue constructs over time (F) Peak-to-Peak 
Variability, (G) the time it takes for the tissue to relax to 90% of contracted state, for 
hiPS-CM tissue constructs over time grouped according to the experimental electrical 
stimulation regimen. (H) Representative contraction profiles over time for hiPS-CM 
tissue constructs over time grouped according to the experimental electrical stimulation 
regimen. (I) Excitation Threshold (ET) data and (J) Maximum Capture Rate (MCR) 
data for hiPS-CM Embryoid Bodies (EB) over time, (K) Excitation Threshold (ET) and 





6.2 ENGINEERING ADULT-LIKE HUMAN CARDIAC MUSCLE VIA INTENSITY TRAINING 
Human induced pluripotent stem (hiPS) cell derived heart tissue has had limited utility in 
modeling cardiac pathology due to its immature, fetal-like phenotype. We report the 
development of adult-like human heart muscle from co-cultures of hiPS-cardiomyocytes and 
supporting fibroblasts seeded in fibrin hydrogel and subjected to four weeks of 
electromechanical conditioning at an increasing intensity. Engineered organoids recapitulated 
many structural and functional properties of adult human heart muscle, exhibiting well-
developed networks of sarcomeres and transverse (T)-tubules, comprehensive responses to beta-
adrenergic stimulation, and a positive force-frequency relationship. Improved organoid 
maturation was confirmed by comparison to human fetal heart tissue and further demonstrated 
by physiological responses to several drugs; measured EC50 values were within the ranges of 
plasma levels reported in clinical patients and the ability to model Timothy Syndrome (TS) using 
an affected patient’s IPS cells. Furthermore organoids engineered from Timothy Syndrome 
affected patient’s IPS cells exhibited the appropriate phenotype and responsiveness to clinically 
used therapeutic agents. We thus propose that phenotypically mature heart organoids can be 
formed in vitro and used for predictive pharmacological testing and modeling of cardiac disease.  
Results 
Generation of Bio-Engineered Adult-like Myocardium (BEAM) 
Cardiomyocytes were derived from three separate lines of hiPSs by staged molecular 
induction in monolayer culture (Figure 78): (#1 (C2A), #2 (WTC11), and #3 (IMR90)). By day 
10 of cardiac differentiation, 80-90% of the cells were spontaneously beating and expressing 





Figure 78. Cardiac differentiation of hiPSC’s. (A) Immunofluorescence images of 
#1 (C2A cell line) hiPS-CMs stained for nuclei (Hoescht) and cardiac troponin T 
(cTnT) expression on day 12. (B) FACS analysis while sorting for cells positively 
stained with cTnT after cardiac differentiation of #1 (C2A line) hiPSCs on day 12. 
 
On day 12, BEAMs were formed by injecting a fibrin hydrogel containing a cell suspension 
of 75% hiPS-CMs and 25% human fibroblasts (Figure 78A-B) into the culture well of a custom 
polystyrene microtissue bioreactor containing elastic pillars, designed to mimic the mechanically 
loaded native heart. To modulate the highly immature phenotype of hiPS-CMs  [113-114], we 
subjected the BEAMs to 3 weeks of electromechanical conditioning, where electrical signals 
(4.5mV, monophasic, 2 ms duration, square waveform) forced the BEAMs to work against the 
pillars as they contracted, under three different electromechanical stimulation training regimens 
(6): control (no stimulation, 0 Hz), constant training (stimulation at 2 Hz), and intensity training 






Figure 79. Experimental design.  (A) Schematic of the experimental design for the 
use of hiPS-CM derived BEAMs as a platform for cardiotoxicity screening or 
modeling disease. (B) A schematic detailing the constant 2 Hz electrical stimulation 
frequency throughout the constant training regimen. (C) A schematic detailing the 
increasing electrical stimulation frequencies throughout the intensity training regimen.  
 
 On-line measurements of cardiac functionality (contractility, force, calcium handling) and off-
line analysis of cardiac genes, proteins, and ultrastructure enabled the assessment of multiple 
indicators of cardiac maturation as a function of the training regimen over time (Figure 79). To 
benchmark the level of maturation, BEAMs were compared to strips of 18-19 week old human 






Figure 80. Intensity Training Drives BEAM Maturation. (A) Schematic and (B) phase 
contrast images depicting BEAM formation (scale bar = 200 µm). (C) Beat Frequency over 
time as BEAMs are exposed to training regimens (duration illustrated by gray pulse 
schematic) and compared against Fetal Cardiac Tissues (FCT).  (D) Frank-Starling curves 
were generated by stretching tissues and measuring the corresponding contractile strength. (E) 
Stress was measured as a function of [Ca2+]. (F) Force was measured as a function of pacing 
frequency. (G) Maximum capture rate (MCR) and (H) Excitation Threshold (ET) were 
measured after 4 weeks of culture. (I-K) Representative calcium traces of BEAMs treated 
with Verapamil (left) or Thapsigargin (right) after 4 weeks of culture for (I) Constantly 
Trained, (J) Intensity Trained, and (K) FCT during caffeine stimulation (addition indicated by 





BEAM maturation was evidenced by the increasingly regular contraction profiles (Figure 
80A) that resembled those found in a developing cardiac tissue (Figure 80C). Specifically, the 
temporal increase in beat frequency (Figure 81B) and subsequent return to physiologically 
relevant rates is a phenomenon characteristic for the transition from neonatal to fetal to adult 
cardiac phenotype [117-118]. In parallel, the peak-to-peak variability, R90 relaxation times, and 
the time-to-peak values differed significantly from those of fetal tissues and decreased as a function 
of both time and training intensity (Figure 81C-E). The temporal aspect of BEAM maturation is 
consistently demonstrated and should be assumed in future references of maturation as a function 
of training regimen.  
 
Figure 81. Enhanced maturation and functionality of BEAM’s in response to training 
regimen as a function of time. (A) Representative contraction profiles and (B) Beat 




values (the time it takes for the tissue to fully contract), (D) R90 values (the time it takes for 
the tissue to relax to 90% of contracted state), (E) Interbeat variability (the standard deviation 
of the time between beats), (F) maximum capture rate (MCR), and (G) excitation threshold 
(ET) for BEAMs and FCTs over time and grouped according to the experimental training 
regimen. * = p<0.05 within group (using two-way ANOVA) and ** = p<0.05 between groups 
at week 4 (using Tukey's multiple comparisons test). 
 
Cells within the BEAMs increased in size, an indicator of physiological hypertrophy [119, 
121] and elongated, an indicator of maturation [117], as a function of training (Figure 82, 83A-
B). 
 
Figure 82. BEAM Morphology. H&E images of (A) Fetal Cardiac Tissue at 18 and 19 weeks, 
(B) #1 and #2 Intensity Trained BEAMs after 4 weeks of culture, and (C) #3, the Timothy 
Syndrome Control, and TS Intensity Trained BEAMs after 4 weeks of culture.  Scale bar = 
20µm.  
 
In adult healthy human CMs, the sarcomere length determines the geometrical arrangement 




can be produced (12). Notably, a normal sarcomere length of ~2.2 - 2.3µm was achieved within 
BEAMs after 4 weeks of intensity training (Figure 83C), that when combined with enhanced cell 
alignment (Figure 83) and fractional shortening (Figure 83F) enables the enhanced contractile 
capacity associated with physiological hypertrophy [121].  
 
 
Figure 83. Physiological hypertrophy within BEAMs. (A-B) Physiological hypertrophy of 
CM’s cultured within the BEAM format increases as a function of time and training regimen 
beyond FCT levels, as detailed by (A) cell area and (B) cell aspect ratio. (C) Sarcomere length 
and (D) fractional shortening increased beyond FCT levels as a function of time and training 
regimen. * = p<0.05 within group (using two-way ANOVA) and ** = p<0.05 between groups 





Positive Force-Frequency Relationship  
After 4 weeks of cultivation, BEAMs engineered from all three iPS lines and FCTs 
exhibited a positive Frank-Starling relationship (Figure 84C), evidenced by increases in force in 
response to increased strain. The calcium induced calcium response (CICR), assessed by force 
generation as a function of calcium concentration, revealed increases in force that were dependent 
on the training intensity (Figure 84E) and correlated to the BEAM’s calcium sensitivity, measured 
by the EC50 value (Figure 84). When treated with the β-adrenergic stimulus Isoprenaline, only 
intensity trained BEAMs significantly increased their twitch tension (Figure 84B). The observed 
decrease in calcium sensitivity and increase in inotropic response to β-adrenergic stimuli 
demonstrate the ability of the intensity training regimen to functionally mature human cardiac 






Figure 84: Positive force frequency relationship via intensity training. (A) Force-
frequency relationships of BEAM’s measured with increasing electrical stimulation within 
an organ bath after 2 weeks of culture (n ≥ 12 per group, Mean ±  95% CI, * = p<0.05 
within group (using two-way ANOVA) and ** = p<0.05 between groups at week 4 (using 
Tukey's multiple comparisons test)). 
 
Although the positive force-frequency relationship is a hallmark of healthy human heart 
muscle, it has not yet been recapitulated in engineered cardiac tissues [114]. Here, we demonstrate 
the establishment of a positive force-frequency relationship for stimulated BEAMs formed from 
all three iPS cell lines (Figure 85D). Positive force-frequency relationships were established as 
early as 2 weeks of culture within the intensity regimen (Figure 85C). In contrast, the unstimulated 
BEAMs and the fetal tissues did not exhibit this positive response. Intensity dependent changes in 




capture rate (MCR) and the excitation threshold (ET) (Figure 85H,I) beyond levels reported 
elsewhere (Table 8). 
 
  BioWire (iPS) [13] Costa (hES) [122] 
Excitation Threshold Non-stim: 3 V/cm 
3Hz: 2.5 V/cm 
6 Hz: 1.5 V/cm 
1.28+/- .9 V/cm 






Table 8. Functional characteristics of human engineered cardiac tissues as 
reported by other groups. 
 
Calcium Handling  
The effects of caffeine on calcium release were measured to determine if caffeine-induced 
opening of the ryanodine channels results in Ca2+ influx from the sarcolemma or the sarcoplasmic 











Figure 85. Increased SR functionality, capacity, and calcium handling as a 
function of Intensity Training over time.  (A) BEAMs demonstrated FDAR as 
represented by quantitative measurements of the full-width half-max (FWHM) and 
decay time values, based on image analysis of intracellular calcium transients of #1 
C2A BEAMs after 4 weeks of culture (n ≥ 8 per group, Mean ±  95%CI, * = p<0.05 
within group and ** = p<0.05 between groups). (B) Representative traces from a 30 
second post-rest potentiation test. (C) Quantitative assessment of post-rest potentiation 
after 10, 20, and 30 second rest periods (n ≥ 4 per group, Mean ±  95%CI, ** = p<0.05 
between groups). (D) A quantitative assessment of the caffeine response, analyzed by 
% change in calcium transient amplitude after addition of 5mM caffeine (n ≥ 12 per 
group, Mean ±  95% CI, * = p<0.05 within group). (E-G) Representative traces of 
calcium release after stimulation with 5mM of caffeine (indicated by black arrow) in 
(E) control BEAMs, (F) Intensity Trained BEAMs, and (G) 19 week old FCT.  
 
Control BEAMs (Figure 85A) and FCTs (Figure 85C) demonstrated only slight responses 




for intensity trained BEAMs after 4 weeks of culture (Figure 85C-D). Further probing of calcium 
handling by blocking the L-type calcium channels using Verapamil resulted in the cessation of 
calcium transients until the addition of caffeine released intracellular calcium into the cytosol 
(Figure 85F). However, for unstimulated BEAMs and FCTs, treatment with Verapamil led to the 
cessation of calcium transients but did not display strong response to caffeine, suggesting that 
external medium was the primary source of calcium. When the ion-transport activity of the SR 
Ca2+ATPase (SERCA) was blocked by Thapsigargin, the calcium transients ceased quickly in 
intensity trained BEAMs, as calcium was depleted from the SR and the addition of caffeine had 
no effect (Figure 85G). The lack of this response in unstimulated BEAMs and FCTs further 
confirmed that they have immature calcium handling mechanisms with extracellular calcium 
supplies. Post-rest potentiation tests further confirmed this increased functionality and storage 
capacity of the SR in response to intensity training. Measurements of the Full-Width Half-Max 
(FWHM) and decay times for intracellular calcium transients again demonstrated the enhanced 
calcium handling as a function of intensity training within all 3 cell lines (Figure 85A). 
Enhanced Cardiac Gene Expression 
Consistent with the calcium handling data, the expression of two genes responsible for 
maintaining proper calcium homeostasis: SLC8A1, which encodes for the Sodium-Potassium 
Exchange Pump (NCX), and SERCA2A, which encodes for the SR-ATPase pump, increased 
temporally in stimulated BEAMs only (Figure 86A). Overall, intensity training enhanced the 
expression levels of genes related to cardiac structure, calcium handling, energetics, and cardiac 





Figure 86. Intensity Training Enhances Genetic and Ultrastructural Expression 
within BEAMs. (A) Gene Expression of SLC8A1 and SERCA2A, responsible for 
maintaining proper calcium homeostasis, within BEAMs as determined by qPCR over 
4 weeks of culture for the designated stimulation regimen (n ≥ 12 per group, Mean ±  
95% CI, * = p<0.05 within group and ** = p<0.05 between groups). (B) Gene 
Expression within BEAMs as determined by qPCR after 4 weeks of culture within the 
designated stimulation regimen. (C) Representative brightfield image of BEAM after 4 




tubule structures of a BEAM detailed by (D) axial and (E) longitudinal cross sections 
as indicated within (C) (scale bar = 5 µm). (F-H) TEM images of intensity trained 
BEAMs after 4 weeks detailing various ultrastructural proteins (scale bar = 1 µm). 
 
 In particular, intensity trained BEAMs revealed increased expression levels of sarcomeric 
proteins (Figure 87A), calcium handling markers (Figure 87B), and cardiac maturation markers 
(Figure 87C) over time. 
 
Figure 87 Increased SR functionality, capacity, and calcium handling as a 
function of Intensity Training over time.  (A-C) Representative traces of Calcium 
release after stimulation with 5mM of caffeine (indicated by black arrow) in (A) 
Control BEAMs, (B) Intensity Trained BEAMs, and (C) 19 week old Fetal Cardiac 
Tissue’s (FCT’s). (D) A quantitative assessment of thFigure 8: Gene Expression of 
BEAMs Over Time. (A) Gene expression of cardiac structural markers, normalized to 
GAPDH (n ≥ 3 per group, Mean ±  95% CI,    = p<0.05). (B) Gene expression of 
calcium handling markers, normalized to GAPDH (n ≥ 3 per group, Mean ±  95% CI,    
= p<0.05). (C) Gene expression of cardiac maturation markers, normalized to GAPDH 




Enhanced Cardiac Ultrastructure and the Formation of T-tubules  
Intensity trained BEAMs displayed a well-developed ultrastructure, with a strong presence 
of structures related to maintaining proper calcium homeostasis: Cav1.2, T-tubules, α-actinin, 
cTnT, Ryranodine, and Bin1, as evidenced by immunostaining (Figure 88C-F). Consistently, 
transmission electron (TEM) sections of intensity trained BEAMs revealed long and orderly 
registers of sarcomeres with well-developed striations, z-bands, m-lines, desmosomes, intercalated 
discs, and dense mitochondria populations positioned near contractile machinery that all developed 
with time and electrical stimulation (Figure 88B). T-tubules, which are critical for the effective 
coordination of cardiac contractions by excitation-contraction coupling [109], formed within 
intensity trained BEAMs as early as 2 weeks and continued to increase over time.  
 
 
Figure 88. TEM Images of Intensity Trained BEAMs. (A) T-tubule formation 
(indicated by red circles) begins as early as 2 weeks within Intensity Trained BEAMs 
(#1, scale bar = 1µm). (B) Mitochondria align near contractile apparatus (T-tubule 




morphology (scale bar = 200 nm) within #1 BEAMs after 4 weeks of culture. (D-E) T-
tubule formation, indicated by red circles, for (D) #1 (C2A) and (E) #2 (Wt11) BEAMs 
after 4 weeks of culture within the Intensity training regimen (scale bar = 1µm). (F) 
Higher magnification of T-tubule formation, indicated by red circles, for #1 (C2A) 
BEAMs after 4 weeks of culture within the Intensity training regimen (scale bar = 500 
µm).  
 
6.3 ENGINEERED CARDIAC MICROPHYSIOLOGICAL SYSTEM FOR PREDICTIVE 
CARDIOTOXICITY SCREENING  
 
 Overall, the use of engineered human tissues for in vitro drug testing and disease modeling 
has vast potential for tackling the burden of heart disease, however, this potential has yet to be 
realized. The main limitation of currently used in vitro systems is that the hiPS-CMs have not been 
cultured in a manner that promotes maturation. We specifically sought to overcome this barrier by 
developing a biomimetic system that incorporates biophysical cues critical for heart development 
and function: supporting cells, electrical stimulation, and mechanical loading. While each of these 
cues has been used in some way in previous studies [6, 13], our approach implements dynamic 
anisotropic loading of cell-hydrogel constructs that are driven to maturity by working against 
physiological forces at a gradually increasing intensity. Remarkably, BEAMs, the only group 
cultivated under intensity training, displayed two ultimate hallmarks of tissue maturity: a positive 
force-frequency response and networks of T-tubules, which is a major goal of cardiac tissue 
engineering. 
The unprecedented maturity of BEAMs allowed us to develop physiologically relevant 
platforms for evaluating drugs and modeling cardiac aspects of disease, with the ability to measure 
the force and frequency of contractions in real time. Therefore, this new approach to engineering 




Predictive Screening of Cardiotoxicity 
The resulting functionally mature, intensity trained BEAMs were then validated as 
physiologically relevant predictors of drug toxicity. The electromechanical induction of calcium 
homeostasis and ultrastructural maturation is further supported by the increased ionotropic (Figure 
89A), lusitropic (Figure 89B), and chronotropic (Figure 89C) responses to β-agonist isoprenaline, 
a phosphorylator of multiple SR-related targets whose functional response is greatly diminished 
in detubulated CMs (Orchard). Beating frequency increased in response to positive chronotropic 
agents (Figure 89D) and decreased in response to a negative chronotropic drug (Figure 89E). For 
intensity trained BEAMs, the EC50 values – drug concentrations corresponding to the 50% 
decrease in tissue functionality, were within the ranges of blood plasma levels measured elsewhere 
[114]. In comparison, unstimulated BEAMs and fetal tissues showed lower EC50 values, due to 
their functional immaturity that enhanced sensitivity. Since the β-adrenoceptor system is 
associated with the proximity of Cav1.2 channels and T-tubules, the comprehensive responses of 
intensity trained BEAMs to β-agonists support the value of our method to phenotypically mature 
CMs towards an adult-like phenotype. Importantly, the demonstrated chronotropic response to 
Isoproterenol requires a functional T-tubule system, while the demonstrated lusitropic response 





Figure 89. Intensity Training Enables Predictive Cardiotoxicity Screening. (A-C) 
Isoproterenol treatment demonstrates (A) ionotropioc, (B) lusitropic, and (C) positive 
chronotropic dose dependent responses. (D) Epinephrine and Caffeine treatment 
demonstrate positive chronotropic dose-dependent responses. (E) Propranolol 
treatment demonstrates a negative chronotropic dose-dependent response. (G) E-4031 
and (F) Cisapride treatment reveal negative dose-dependent dromotropic responses. (H) 
High concentrations of Cisapride (1µM) reveal proarrythmic Early After 
Depolarizations (depicted by red arrows).  
 
When exposed to drugs that inhibit the hERG potassium channel, a frequent cause of 




predictability of clinically reported EC50 values [123]. Additionally, intracellular calcium 
transients were prolonged as the concentration of E-4031 (Figure 89F) and Cisapride (Figure 
89G) increased, and led to the generation of early after-depolarizations (EADs), which are capable 
of triggering lethal arrhythmias at high dosages. When exposed to Cisapride (Figure 89H), a 
gastrointestinal drug that was removed from market in response to resulting cases of fatal 
arrhythmia [124], only intensity trained BEAMs routinely detected proarrythmic occurrences. 
FCT’s and control BEAMs do not show similar levels of advanced functionality or proarrythmic 
occurrences when exposed to Cisapride, suggesting the lack of predictive power for drug screening 
[124]. Additionally, BEAMs showed superior predictability when compared to similar engineered 
human cardiac tissues as reported from other groups and detailed in Table 9. Taken together, these 
results support the utility of intensity-trained BEAMs for physiological studies, including 
cardiotoxicity screening. 
  BioWire (iPS) [13] Schaaf (hES) [125] Costa (hES) [122] 
Cell source hESC/hiPS-derived 
CMs following 
differentiation 






13 days of differentiation, 
cleaved with 
trypsin/EDTA into single 
cells, suspension culture 
at 0.2e6 density for two 
days, collected by 
centrifuge 





(~1e7 seeding density) 
Hydrogel 4 µL/0.5cm of suture 
collagen I (2.1mg/mL) 
Fibrinogen/matrigel/thr
ombin mixture2 
1:8:1 (cells suspended in 
media, collagen I, 
matrigel by volume) 
Well volume 4 µL/0.5cm of suture 100µL 100 µL in wells with 
posts for force sensing 
Media 24.9mM glucose, 
23.81mM NaHCO3, 
14.34mM NaOH, 
DMEM, 10% HS, 2% 
chick embryo extract, 
1% P/S, insulin, 
Differentiation medium 




10mM HEPES, M199 
Medium, 10% Matrigel 
tranexamic acid, 
aprotinin 
DMEM (10% FBS, 1% 
P/S, 0.2% amphotericin) 
Culture length 
post-seeding 
7 days w/o stim, 7 days 
w/stim 
5 weeks 10 days 
Experimental 
conditions 
Gassed (95% O2, 5% 
CO2) Tyrode’s 
Solution, 37C 
Not reported. Gassed (95% O2, 5% 










(Nifedipine at 10 µM) 
 Ionotropicity: 1e-5  to 1e-











Not reported. Chronotropicity: 
0.2mM – 3.0 mM 
Ionotropicity: 0.5 - 2.5 




Not reported. Chronotropicity: 1e-7 + 
0.6 mM Ca2+ 
Chronotropicity: 1e-8  to 
1e-6 
Ionotropocity: 1e-7 o 1e-5 
(nothing significant, 
possibly indicative of 
immature SR as 









Not reported. 0, 10, 100, 300, 1000 










6.4 DEVELOPMENT OF PHYSIOLOGICALLY RELEVANT MODELS OF DISEASE  
The enhanced functional maturation of human iPS cardiac organoids described herein 
present opportunities for testing drugs under conditions that recapitulate the critical aspects of the 
disease pathology; thereby enabling the development of future methods for therapeutic translation  
Cardiac Hypertrophy Model 
In order to model the effects of pathological hypertrophy, a leading cause of sudden cardiac 
death, cardiac organoids were cultured in the presence of either endothelin-1 (ET-1), Isoprenaline 
(Iso), or Angiotensin-II (Ang-II) for 4 weeks under the 0 Hz, 2 Hz, and 2-6 Hz electromechanical 
stimulation regimens. As expected, the resulting hypertrophic cardiac organoids (HCM) displayed 
characteristic decreases in beating frequency as hypertrophy progressed, with corresponding 
increases in cell size (Figure 90). Image analysis of intracellular calcium transients revealed 
increases in Full-Width Half-Max (FWHM), an indicator of QT-prolongation, and a corresponding 
decrease in the Decay Time (τ) as compared to healthy controls (Figure 90B). For both the HCM’s 
and healthy control organoids, electromechanical conditioning decreased the FWHM and decay 
times. Additionally, gene analysis supported the establishment of pathologically induced HCM’s 
through increased expression of MYH7, CaMKII, ANP and BNP (fetal genes), and decreased 
expression of SERCA and PLB (Figure 90D). Notably, the organoid platform readily detected 
rare cases of drug induced proarrythmia via exposure to Cisapride, demonstrating increased 






Figure 90. Cardiac Hypertrophy Model 
 
Cardiac Inflammation Model 
In order to create an in vitro cardiac organoid model with translational significance, we 
investigated the pro- or anti- inflammatory nature of macrophages associated with myocardial 
infarction (MI). Following an MI, naturally occurring steady-state macrophages (M0) are polarized 
into “classical” (M1) and “alternative” (M2) macrophages. Characteristically, M1 macrophages 
appear early and are associated with inflammation, tumor rejection, and insulin resistance [14], 
whereas M2 macrophages appear later and for longer periods of time, to assist with ECM turnover, 
angiogenesis, and improved insulin sensitivity [15  
Additionally, since the administration of drugs is often accompanied by the presence of an 




often unavoidable within in vivo situations as a result of chronic inflammation that is characterized 
by an increase in M1 macrophages brought on by obesity, due to macrophage related insulin 
resistance (M1) and sensitivity (M2) within individuals with Type 2 diabetes, and models of both 
injury and disease. Thus, to more completely recapitulate these in vivo dynamics, we developed a 
biomimetic model of the separate responses elicited by stages of macrophage polarization during 
the inflammatory response. The most toxic and proarrhythmic results were due to M1 polarized 
macrophages. This may be due to the high levels of cytotoxic reactive nitrogen and oxygen 
intermediate, bioactive lipids, pro-inflammatory cytokines, and proteases released from polarized 
M1 macrophages [101]. Since obesity is directly related to an increase in M1 polarized 
macrophages, due to the constant state of chronic inflammation, it can be hypothesized that this 
factor leads to decreased cardiac health in-vivo as a result of mechanisms which can subsequently 
be modeled within our BEAM platform [102]. Thus, to mimic the cardiac inflammatory responses, 
cardiac organoids were cultured in the presence of medium previously conditioned with polarized 
macrophages. Organoids exposed to M1 conditioned media demonstrated the greatest 
cardiotoxicity and beat variability, characteristics of increased arrhythmic potential (Figure 91). 
At later time points, organoid exposure to M2 conditioned media led to a decrease in contractility, 





Figure 91. Cardiac Inflammation Model 
 
Modeling of Inherited Cardiomyopathy: Timothy Syndrome 
As the need for personalized medicine rises, the ability to create in vitro models that are 
phenotypically mature remains a critical barrier in producing hiPS-CM disease models with 
physiological relevance. The enhanced functional maturation of intensity trained BEAMs enabled 
the phenotypic recapitulation of a genetic cardiac disease, Timothy Syndrome (TS), using hiPS 
cells obtained from an affected patient (TS) and compared against a healthy control (#3). Patients 
with TS carry a gain of function mutation within the DNA encoding the Cav1.2 channel 
(CACNA1C gene) that is critical for EC coupling (22). This causes the Cav1.2 channel to remain 
in the open configuration longer than normal, resulting in the depletion of calcium from the SR, 




that can lead to sudden cardiac death. It is therefore an excellent system for demonstrating how 
increasing levels of intracellular calcium can be utilized as a method to drive maturation through 
the forced reestablishment of calcium homeostasis to enable proper EC coupling in response to 
intensity training. We hypothesized that a physiologically relevant model of TS could be 
established using BEAMs derived from hiPS-CMs of a TS patient and matured via intensity 
training. The resulting increase in maturity could overcome limitations associated with developing 
disease models related to calcium handling and structural proteins, previously hindered by hiPS-







Figure 92. Physiologically Relevant Timothy Syndrome Disease Model. (A) Beat 
Frequency over time (n ≥ 6, Mean ± CI). (B) Representative Calcium Transients of TS 
BEAMs over time with missed beats indicated by red arrows. (C) Irregular Timing and 
Irregular Amplitude of calcium transients within BEAMs (n ≥ 6, Mean ± CI, bars = 
p<0.05). (D) Caffeine stimulation of Thapsigargin treated BEAMs reveals SR 
functionality. (E) Force-Frequency Relationships for healthy and TS BEAMs (n ≥ 3, 
Mean ± CI, bars = p<0.05). (F) Treatment with Cisapride (100nM) reveals increased 




Isoproterenol reveals increased proarrythmic events (indicated by red arrows) within 
TS BEAM that is subsequently reduced upon treatment with Verapamil. (H) Twitch 
Tensions of healthy and TS BEAMs reveal that propranolol treatment can recover the 
positive relationship seen in healthy BEAM’s (n ≥ 3, Mean ± CI, bars = p<0.05). 
 
We were able to recapitulate the TS phenotype in-vitro, as demonstrated by the slowly and 
irregularly contracting TS BEAMs, consistent with bradycardia found in TS patients. As reported 
previously for CMs from TS patients [126], TS BEAMs contracted at ~30 bpm while the control 
BEAMs contracted at ~60 bpm (Figure 92A, 93A). The occurrence of skipped beats (Figure 92B) 
and beating irregularities (Figure 93B) within TS BEAMs could be overcome via intensity 
training. Intracellular calcium transients revealed irregular timing and amplitude of TS BEAMs 
relative to the healthy control (Figure 92C). One important aspect of modeling TS is to recapitulate 
arrhythmic conditions that arise from increased calcium concentrations within the cytosol. To 
discriminate the influx of calcium ions from the sarcolemma and the SR, we again studied the 
effects of caffeine stimulation after blocking SERCA with Thapsigargin. In contrast to healthy 
BEAMs, the calcium transient amplitudes in TS BEAMs decreased in a frequency-dependent 
manner as calcium was depleted from the SR (Figure 92D). The application of Nifedipine to block 
the Cav1.2 channel resulted in decreasing Ca2+ transient amplitudes, until the addition of caffeine 
released Ca2+ back into the cytosol (Figure 93D). TS BEAMs also displayed prolonged QT 
intervals, as approximated by increased contraction duration (Figure 93E) and decreased calcium 
handling properties (Figure 93F-G). Genes associated with enhanced calcium-handling were 
upregulated via intensity training, but to a lesser extent within TS BEAMs when compared to 
healthy BEAMs (Figure 93H). Ultrastructural enhancements were similarly seen in response to 
intensity training in both healthy and TS BEAMs. Importantly, TS BEAMs demonstrated negative 






Figure 93. Abnormal Calcium Handling within Timothy Syndrome BEAM Model. 
(A) Beat Frequency over time. (B) Contractile characteristics of healthy and diseased 
BEAMs (Mean ± CI, bars = p<0.05). (C) Representative Calcium Transients of TS 
BEAMs treated with varying concentrations of Epinephrine, with missed beats being 
indicated by red arrows. (D) Treatment with Nifedipine, followed by the addition of 
Caffeine, reveals the abnormal calcium handling properties within TS BEAMs. (E-G) 
Calcium transients within healthy and diseased BEAM’s reveals (E) decreased FWHM 
values and increased (F) Calcium Amplitude and (G) Caffeine Reponses as a function 
of intensity training  (Mean ± CI, bars = p<0.05).(H) Gene Expression of healthy and 
diseased BEAMs (Mean ± CI, * = p<0.05 between Intensity and Control regimens 





The applicability of disease models as a predictive tool in developing therapeutic options 
was demonstrated by recapitulating both the effects of drugs known to trigger adverse events 
within TS patients and the limited efficacy of current treatments clinically used. As expected, 
exposure to Cisapride revealed a higher incidence of EADs within TS BEAMs (Figure 92F). 
Increased risk of arrhythmic events upon β-adrenergic stimulation, a characteristic of TS (24), was 
recapitulated under Epinephrine treatment (Figure 93C), mimicking clinically observed stress 
tests [5]. Subsequently, the therapeutic effects of Verapamil, a clinically used calcium antagonist 
(24), were investigated under β-adrenergic stimulation with isoproterenol. Isoproterenol increased 
calcium transients, prolonged QT intervals, and led to the formation of proarrhythmic EADs (red 
arrows, Figure 92G). Increased proarrythmic events in TS BEAMs exposed to Isoproterenol or 
Epinephrine were consistent with the negative effects TS patients experience during enhanced 
cardiac demand. Upon administration of Verapamil, intensity trained TS BEAMs regained normal 
calcium transient behavior, supporting its limited clinical use for regulating calcium-induced 
contractions with TS patients via Cav1.2 mediated SR storage. To subsequently test the 
mechanistic effects of increased intracellular [Ca2+], we measured force generation in response to 
an increase in extracellular calcium for TS and healthy BEAMs. Healthy controls increased force 
generation with increasing [Ca2+], a response that was enhanced by intensity training. TS BEAMs, 
however, displayed characteristics of Ca2+ overload, resulting in decreased force with increasing 
[Ca2+] (Figure 92H). Notably, Propranalol, a β-adrenergic blocker clinically used to manage TS 
(25), restored the positive trend characteristic of healthy BEAMs. The BEAM model could be 
particularly useful for detailed testing of currently available and newly developed drugs to restore 
normal cardiac function within disease states similar to TS, where the combination of low 




4 weeks of conditioning, both healthy and TS BEAMs show enhanced utility to predict for 
cardiotoxicity, a side effect primarily due to altered calcium homeostasis [112, 115], as it relates 
to both cardiac health and disease. 
6.5 INTEGRATION OF LIVER MICROPHYSIOLOGICAL SYSTEM: CARDIOTOXICITY OF DRUG 
METABOLITES 
The human heart starts to beat just 3 weeks into gestation, and continues to work in 
response to synchronized depolarization and twitching of the cells to pump blood [109]. Deviations 
from the physiologic environment harboring electrical and mechanical signals often lead to heart 
disease. Our approach to developing a cardiac module has been guided by the need to recapitulate 
some aspects of the electromechanical environment, blood supply and cellular and matrix signaling 
in the human heart. We established minimally functional units of cardiac tissue, in form of small 
3D organoids that pull against two pillars in response to electrical stimulation. We demonstrated 
that iPS-CM can be matured in our platform, and that they respond to drugs in a way representative 
of human physiology. The measured EC50/IC50 values and drug interactions observed in the 
heart-liver system suggest that indeed it might be possible to use this robust and versatile system 







Figure 94. Heart-Liver Drug Interactions. 
 
Discussion 
The resulting generation of physiologically relevant BEAMs overcome previous 
limitations associated with immature iPS-CM phenotypes. Notably, generation of positive force-
frequency relationships within mature Intensity Trained BEAMs was consistent for all 3 healthy 
hiPS cell lines investigated [#1 (C2A), #2 (WT11), and #3 (TS Control)]. The resulting maturity 
enables the full potential of personalized medicine to be realized within the field and is 
demonstrated within this study through the development of personalized disease models. 
Pathological hypertrophy (HCM) is characteristic of the development of cardiac failure and thus, 




Within this study, models of the hypertrophic response within the established organoid platform 
were able to recapitulate the negative characteristics found in-vivo. This establishment of a 
pathological hypertrophy disease model enabled more predictive cardiotoxicity measurements and 
demonstrated an increased potential for proarrythmic events when exposed to Cisapride. These 
results further support the necessity of modeling how potential therapeutics may negatively 
interact with individuals who have developed cardiac disease states in-vivo. 
While the development of these pathological disease models are promising, a major 
obstacle in modeling cardiac disease in vitro using hiPS-CMs stems from the immature phenotypes 
being unable to fully recapitulate the complex phenotype characteristic of the disease. We 
therefore established a disease model of Timothy Syndrome, an inherited genetic mutation that 
results in longer Cav1.2 channel openings and thus, higher levels of intracellular Ca
2+. Under 
physiologic conditions, calcium molecules influx through LTCCs, primarily located in the t-tubule 
network, which induces calcium release from the nearby SR via ryanodine receptors (RyRs), 
ultimately leading to cardiac contraction. Subsequent retrieval of Ca2+ into the SR storage through 
the SR Ca2+ ATPase (SERCA) pump and removal of Ca2+ into the extracellular space via sodium 
calcium exchangers (NCX) results in cellular repolarization and cardiac relaxation. The Cav1.2 
channel is critical for proper EC coupling, and thus, the establishment of a physiologically relevant 
in-vitro TS model requires mature hiPS-CMs that exhibit functional EC coupling, which can only 
be achieved through the development of a t-tubule system as described herein.   
We were able to recapitulate the TS phenotype in vitro as demonstrated by the more slowly 
contracting TS BEAMs, consistent with bradycardia found in TS patients, and the increased 
irregularity in the cardiac beating profile. Further recapitulation of the in vivo TS response was 




effects TS patients experience during enhanced cardiac load. The establishment of proarrhythmic 
events within TS organoids enabled subsequent modeling of the effectiveness of currently 
available treatments options in restoring proper cardiac function. These in vitro treatments were 
able to recapitulate in vivo responses, including the limited efficacy of available treatments 
clinically detailed. These findings supporting the use of in vitro cardiac disease models described 
herein to study the associated disease mechanisms to develop more effective therapeutic treatment 
options. Additionally, because the mutation is directly related to the electrical properties of hiPS-
CMs, this disease model enabled insight into the electrical and mechanical pathways and is 
associated with proper EC coupling. Electromechanical stimulation of TS organoids within the 
Intensity Training regimen appears to override the combinatory effects of increased intracellular 
[Ca2+] and the prolonged QT interval through constant suprathreshold pacing of the organoid. By 
constantly repolarizing the cell, it can be hypothesized that this resulted in 1) the upregulation of 
the NCX channel, so that increased intracellular Ca2+ ions were constantly removed through 
increased removal of Ca2+ ions through exchange of  Na+ ions, and 2) through the upregulation of 
SERCA, thereby increasing the Ca2+ ions retrieved for storage within the SR. Subsequent removal 
of Ca2+ into the SR storage through the SR Ca2+ ATPase (SERCA) pump and into the extracellular 
space through sodium calcium exchangers (NCX) results in cellular repolarization and cardiac 
relaxation. Based on the increased [Ca2+] amplitudes in response to caffeine and the increased time 
decay (τ), we hypothesis that the TS BEAMs have a higher Ca2+ load within their SR and that both 
intracellular Ca2+ ion removal and SERCA activity are increased within electromechanically 
stimulated TS BEAMs. 
Overall, the ability to electromechanically mature iPS-CM BEAMs within our platform 




representative of human physiology and translatable to future therapeutic development. The 
measured EC50 values and drug interactions observed support the use of this robust and versatile 
system for drug testing as it relates to both cardiac toxicity and health. Our platform’s replication 
of accepted cardioactive drug characterizations and clinically observed pathological hypertrophy 
and TS disease states, as well as its demonstrated maturity beyond fetal levels, validate the 








SUMMARY AND FUTURE DIRECTIONS 
 
With the emergence of pluripotent stem cells, cardiac tissue engineering and cell therapy 
have become major focuses of research. In spite of this, hiPS-CMs are phenotypically immature, 
and thus remain largely unuseable for translational research. Methods to upregulate their functional 
maturity towards the adult phenotype were subsequently developed, enabling their potential utility 
for incorporation into therapeutic development practices. 
There have been numerous efforts to recreate the complexity found within cardiac tissue 
architecture at different length scales. Nano and microfabrication technologies can be used to 
investigate the cues that control cell-cell interactions, responsible for forming the 
electromechanical syncytium critical for cardiac tissue, and cell-ECM interactions, responsible for 
directing stem cell differentiation and controlling cell-substrate compatibility. By studying these 
cues at both the 2D and the more physiologically relevant 3D level, we can relate the influence of 
these signals from the single cell level to the multicellular level, as well as to the more significant 
tissue level. Specifically, at the nanoscale level, the imposition of geometric and topological cues 
guide the formation of functional gap junctions, creating an electromechanically coupled tissue 
capable of synchronously propagating electrical impulses in a more physiologically relevant 
manner. 
The effects of microscale cues on cell behavior were established and shown to induce cell 
responses through geometrical constraints. Micropatterning techniques control the cytoskeletal 
arrangement and differentiation pathways within single cells and  cell alignment and multicellular 
arrangements to yield functional myocardium at the multicellular level. At the microscale level, 




level. Thus, upon imposition of electomechanical stimulation, macroscale cardiac tissues properly 
formed at the nano and micro scale levels contain electrically coupled and aligned CMs, enabling 
their ability to adequately respond to the imposed stimuli. 
At the larger centimeter scale, cardiac tissue must generate more efficient energetics to 
meet the increased metabolic demands of maturing cardiac tissue. Specifically, the development 
of cardiac contractile machinery is activated by the continuous application of excitatory electrical 
pulses designed to elicit synchronous contractile responses. To maintain cardiac functionality, the 
tissue must develop proper mechanisms to handle the imposed demands. Upon establishing the 
ability to functionally store calcium, further increases in contractile demand, via intensity training, 
continuously forced the cardiac tissue to reestablish increasingly mature calcium handling 
mechanisms with each increase in electromechanical stimulation intensity. 
Calcium handling and homeostasis are the key regulators of ECC within cardiac tissues 
and thus, these properties are necessary for functional maturation. The development of a functional 
sarcomplasmic reticulum (SR) enables proper Ca2+storage and release/uptake kinetics. It is 
expected that the immature calcium handling associated with hiPS-CMs is due to SERCA 
underdevelopment. This immaturity can directly lead to proarrythmic conditions and thus, are 
unreliable as a source for myocardial regeneration through current techniques. Functional 
maturation towards more mature calcium handling profiles have been reported in several studies 
through the use of electromechanical stimulation within bioreactors. However, the lack of t-tubules 
in hiPS-CMs, necessary for colocalization of L-type Ca channels and RyR’s, may explain the lack 
of mature calcium handling currently described within the field. 
In order to address this, the application of electromechanical stimuli was used to mimic the 




both electrical signals, necessary to initiate cardiac contraction, and mechanical stimulation, 
necessary to pump blood as a result of cardiac contraction, in-vivo and thus, it is critical to 
investigate the role of biophysical stimuli when instructing CM development towards more 
physiologically relevant phenotypes. Electrical stimulation functions to both initiate and 
synchronize CM contraction within both single and multicellular CM organizations. Electrical 
pacing regimens, such as those utilized within this study, are hypothesized to function 
synergistically with mechanical stimulation through the activation of contractile forces intrinsic to 
CM functionality. This electromechanical stimulation increases intracellular [Ca2+], thereby 
initiating the calcium-induced calcium release (CICR) and enabling the development of proper EC 
coupling within microtissues. 
Specifically, the development of cardiac contractile machinery is activated by the 
continuous application of excitatory electrical pulses designed to elicit synchronous contractile 
responses. The tissue must develop proper mechanisms to handle these demands. Upon 
establishing the ability to functionally store calcium, further increases in contractile demand 
continuously force the cardiac tissue to reestablish increasingly mature mechanisms upon 
increasing electromechanical stimulation intensity. However, the increased cell size 
accompanying hiPS-CM maturation delays the flux of calcium during cardiac contraction and 
relaxation, hindering the ability to beat at high pacing frequencies. To overcome this, t-tubules 
formation acts as a mechanism to decrease the distance calcium ions must travel to coordinate the 
governing mechanical forces. 
In the native heart, cell membrane depolarizations of cell membranes trigger the translation 
of contractile responses into mechanical force, enabling tight control of the rate of contraction and 




the shortest time possible. However, high stimulation frequencies lead to the buildup of toxic 
byproducts near the electrode surface and thus, are harmful to the cells. Thus, the use of high 
intentsity interval training regimens maximized the positive effects of stimulation at high 
frequencies while negating the negative effects arising from constant stimulation at high 
frequencies. Additionally, an increased rate of mechanical contractions during high intensity 
interval stimulation causes a greater consumption of ATP. These high consumption rates increase 
levels of adenosine monophosphate (AMP) and inhibit ATP synthesis. These increases in calcium 
and AMPK-signaling lead to the similarly upregulated PGC-1α expression, the driving force 
behind the enhanced mitochondrial biogenesis [104]. 
Mechanical contraction causes increased cytosolic calcium concentrations within CMs and 
therefore, increases E-C coupling. High intensities increase these intracellular calcium 
concentrations and thus, activate pathways controlling cardiac maturation. The calcium handling 
was indeed dependent on electromechanical stimulation as demonstrated by the increased Ca 
upstroke and decreased decay times. Thus, enhanced electromechanical stimulation intensities can 
enhance calcium handling through the resulting increased intracellular calcium concentrations. 
The enhanced SR storage capabilities may be due to the enhanced energetics which primarily 
support the less energetically expensive transport of Ca2+ ions back into the SR at a rate of 2 
Ca2+:1 ATP, in comparison to the more energetically expensive transport of Ca2+ ions from the 
SR into the cytosol at a rate of 1 ATP:2 Ca2+. During heart failure, decreased SERCA function is 
reported and thus, this may be due to the decreased energetics associated with Ca2+ release [27, 
28]. 
Thus, the coupling of metabolically active mitochondria and functional uptake and storage 




functions associated with proper calcium handling can therefore be matured through the use of 
high intensity interval stimulation regimens. This enables the upregulation of mitochondrial 
biogenesis to ensure adequate ATP transport of Ca2+ into the SR, thereby increasing SR storage 
and function simultaneously. The use of high intensity interval regimens enables these beneficial 
effects while minimizing the negative effects associated with ROS generation at prolonged 
intervals of stimulation at high frequencies.    
Constantly increasing the contractile demand within intensity trained BEAMs induced 
physiological hypertrophic increases in CM mass that subsequently established a need for the 
formation of T-tubules in order to maintain synchronous contractions at higher pacing rates. 
Mechanistically, the extent of the t-tubular network is enhanced with intensity training similarly 
to the observed increases within species as a function of both increased cell size and heart rate 
variability between the resting and active states. By An constantly increase ining the contractile 
demand , this constantly induces a fight or flight response - requiring increasingly mature 
mechanisms to reestablish calcium homeostasis and, including the necessity ability to store 
calcium within the SR, in order to effectively respond to further increases in contractile demand. 
At higher pacing rates, the development of t-tubules appears to enables the maintainenance 
of proper E-C coupling by positioning calcium handling proteins in close proximity, thereby 
eliminating the rate limiting diffusion of calcium in response to an excitatory electrical signal, so 
that the resulting contraction occurs almost instantaneously. In addition, intensity driven increases 
in SERCA2A and NCX function enable enhanced sequestration and faster extrusion of calcium 
(upregulated further by the intracellular extension of T-tubules), enabling the iPS-CMs to relax 





The resulting functionally mature, intensity trained BEAMTs were then validated as 
physiologically relevant predictors of drug toxicity. The electromechanical induction of calcium 
homeostasis and ultrastructural maturation was validated by comprehensively responding to β-
agonist stimulation. As the need forIn the context of personalized medicine, rises, the ability to 
create in -vitro models that are phenotypically mature tissues remains ais critical barrier infor 
producing establishing hiPS-CM disease models that with physiological relevance. The enhanced 
functional maturation of intensity trained BEAMTs enabled the phenotypic recapitulation of a 
genetic cardiac disease, Timothy Syndrome (TS), by using hiPS cells obtained from an affected 
patient (TS) and comparinged against to a healthy control (unaffected family member) (#3). 
Patients with TS carry a gain- of- function mutation within the DNA encoding for the Cav1.2 
channel (CACNA1C gene) that is critical for EC coupling [126]. This mutation causes the Cav1.2 
channel to remain in the open configuration longer than normal, resulting in the depletion of 
calcium from the SR, accumulation of calcium in the cytosol, prolongation of the QT interval, and 
cardiac arrhythmias that can lead to sudden cardiac death. TS It is therefore an excellent system 
choice for demonstrating how increaseding levels of intracellular calcium can be utilized as a 
method to drive maturation through the forced reestablishment of calcium homeostasis, and to  to 
enablee proper EC coupling in response to intensity training. We hypothesized postulated that a 
physiologically relevant model of TS could be established using BEAMTs derived from hiPS-
CMs of a TS patient and matured via intensity training. The resulting increase inmaturation of TS 
BEAMs maturity could overcomehelped aleviate limitations associated with developingof current 
disease models related toinvolving modifications of calcium handling and structural proteins, 





Overall, intensity training transitions hiPS-CMs towards a physiologically relevant adult-
like phenotype. The establishment of mechanisms to continuously autoregulate calcium 
homeostasis functionally matured BEAMs beyond the characteristic fetal phenotype. Additionally, 
the ability to mature iPS-CM microtissues within our platform enabled their enhanced utility to 
predict the effects of drugs in a way that is representative of human physiology and translatable to 
future therapeutic development. Thus, by enabling advanced investigations of cardiac function in 
health and disease, BEAMs can accelerate the safe and efficient translation of therapeutic 
treatment options. 
The establishment of mechanisms to continuously autoregulate calcium homeostasis 
matures BEAMs to the point of physiological relevance. By enabling advanced investigations 
studies of cardiac function in health and disease, BEAMs can accelerate the safe and efficient 
translation of therapeutic treatment options. The applicability of disease models as a predictive 
tool in developing therapeutic options was demonstrated by recapitulating both the effects of drugs 
known to trigger adverse events within TS patients and the limited efficacy of current clinical 
treatments clinically used. The BEAM model could be particularly useful for detailed testing of 
currently available and newly developed drugs to restore normal cardiac function within disease 
states similar to TS, where the combination of low occurrence and high lethality is not well suited 
for current drug development scenarios [105]. After 4 weeks of conditioning, both healthy and TS 
BEAMs show enhanced utility to predict for cardiotoxicity, a side effect primarily due to altered 
calcium homeostasis, as it relates to both cardiac health and disease. 
FUTURE WORK 
As microphysiological platforms become more of a realistic approach to predicting in vivo 




are effective as integrated multi-organ systems capable of physiologically relevant read-outs.  A 
top-down approach toward the systematic integration of multiple tissues can be implemented by 
considering the architecture and systematic communication of organs within the human body and 
adapting this into a breakdown of functional tissue units that can be integrated to mimic in vivo 
physiology. The corresponding functional units representing each tissue can then be scaled and 
integrated with respect to one another so that their resulting size ratios are complementary with 
respect to in vivo conditions. This is particularly important when it comes to arranging vascular 
sizes, and therefore vascular volumes, with organ volumes so that the concentration of the intended 
drug and its metabolites are presented in realistic concentrations relative to one another. 
The ability to perform testing on the tissues within these platforms is a critical component 
to its effectiveness as a high-throughput/high-content screening platform. It is advantageous to 
measure a large number of variables simultaneously in order to provide data not previously 
available to clinicians, such as localized biochemical and the resulting tissue 
remodeling/mechanical changes. I believe that while a set of parameters can be established across 
multiple tissues, that each tissue will have unique analysis methods inherent to their representative 
functional output used when defining the tissue as a functional unit. Within the developed 
mucrophysiological system we developed analytical methods critical to defining the health of the 
cardiac µtissue in a way that will allow us to extract relevant cardiotoxicty information not revealed 
in other platforms or in animal studies. However the overall process can be characterized as 
medium-throughput at best. Thus, future work to streamline the generation of hiPS derived cardiac 





Other challenges involved in the development of similar microphysiological platforms 
include the development of culture medium that is universal to all cell types, cell culture 
components that are not animal derived (as this is largely variable and may cause undesired effects 
on analyzing tissues with respect to expected human toxicities), and blood sources that provide 
proper oxygen levels to the tissues. As these platforms are further developed and tested, the 
establishment of databases with the results will facilitate the future characterization of expected 
analyses, define which tissues should be included on a chip for specific studies, and enable the 
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